Nm-scale pore space characteristics of the Boom Clay (Mol-1 borehole) and the Ypresian clays (Kallo-1 borehole) by Hemes, Susanne
  
 
 
Nm-scale pore space characteristics of the 
Boom Clay (Mol-1 borehole) and the 
Ypresian clays (Kallo-1 borehole) 
 
 
Von der Fakultät für Georessourcen und Materialtechnik der 
Rheinisch-Westfälischen Technischen Hochschule Aachen 
 
zur Erlangung des akademischen Grades einer 
 
 
Doktorin der Naturwissenschaften 
 
 
genehmigte Dissertation 
vorgelegt von 
 
Dipl. Geow. Susanne Hemes 
 
aus Bonn 
 
 
Berichter: 
Prof. Dr. Janos L. Urai 
Prof. Dr. Rudy Swennen 
Dr. Guillaume Desbois 
 
 
Tag der mündlichen Prüfung: 12.06.2015 
 
 
 
Diese Dissertation ist auf den Internetseiten der Hochschulbibliothek online verfügbar 
 
  
III 
 
Acknowledgements (contributions of co-authors) 
This study was financed by ONDRAF/NIRAS, the Belgian National Agency for Radioactive Waste 
and enriched Fissile Materials and carried out in cooperation with the Belgian Nuclear Research 
Centre ‘SCK-CEN’ and I would like to thank these institutions for their support. 
In particular, I would like to thank Stéphane Brassinnes at ONDRAF/NIRAS for providing samples, 
sample descriptions and support during the entire time of my PhD. 
Mieke De Craen, Miroslav Honty and SCK-CEN, I would like to thank for providing Boom Clay 
samples, sample descriptions, mineralogical and grain-size data. Moreover, I would like to thank them 
for their help and support during my PhD. 
Dr. Birgit Schröppel (Natural and Medical Sciences Institute, NMI, University of Tübingen), I would 
like to thank for conducting the FIB-SEM tomography experiments and Dr. Jens-Oliver Schwarz 
(Institute of Geosciences of the Johannes Gutenberg University Mainz), for carrying out the X-ray µ-
CT. 
I would like to thank my supervisors Dr. Guillaume Desbois and Prof. Dr. Janos L. Urai (Department 
of Structural Geology, Tectonics and Geomechanics of the Energy and Mineral Resources Group, 
EMR, RWTH Aachen University) for their help, scientific input and proof-reading of my work. 
I would like to thank Uwe Wollenberg (Geological Institute, RWTH Aachen University) for technical 
support during SEM-imaging and preparation (i.e. coating) of samples for SEM analyses. 
I would like to thank all my colleagues at the GED, but in particular Dr. Jop Klaver, Dr. Maartje 
Houben and Ben Laurich, for their help and support during my PhD. 
Finally, I would like to thank my family and friends, from climbing and Savate for just being there and 
providing the opportunity to get out of my head and think of something completely different than my 
PhD, from time to time. 
  
V 
 
Abstract 
Clays and clay stones comprise about 50 % of all sediments and sedimentary rocks on earth. However, 
due to their very small grain-sizes (usually less than 2 µm in diameter) as well as the sensitivity of 
many clay minerals towards water, their direct microstructural characterization is still challenging. 
The Boom Clay and the Ypresian clays are the two reference materials for research on the long-term 
disposal of high- and medium-level, long-lived radioactive waste in a deep geological formation in 
Belgium (Van Marcke et al., 2005; ONDRAF/NIRAS, 2013a; Verhoef and Schroeder, 2011; Verhoef 
et al., 2011). Therefore, the detailed characterization of their pore space is indispensable to gain a full 
understanding of the relevant processes, governing the transport of radionuclides in these materials 
(i.e. diffusion, adsorption and migration of radionuclides as well as fluid flow). 
In the present study, research was carried out on representative samples of the Boom Clay at Mol-1 
(Mol-Dessel research site, Belgium; Zeelmaekers, 2011 sample series, chapters 4, 5 and 7) and the 
Ypresian clays at Kallo-1 (Belgium, chapters 6 and 7), covering end members with regard to 
mineralogical compositions and grain-size distributions. 
Recent progress in ion-beam milling tools has revolutionized the microstructural analysis of fine-
grained geomaterials. To characterize the microstructure and pore space in Boom Clay and the 
Ypresian clays, down to the nm-scale resolution in 2D and in 3D, in the present study, focused- (FIB) 
and broad-ion-beam (BIB) milling were combined with high resolution scanning electron microscopy 
(SEM), X-ray µ-CT and Mercury Intrusion Porosimetry (MIP). 
Direct insights to pore space morphologies in 2D were obtained by BIB-milling in combination with 
high resolution SEM (chapters 4, 6 and 7), whereas a combination of FIB serial cross-sectioning with 
simultaneous SEM-imaging, X-ray µ-CT and pore network extraction modeling (PNE; Dong and 
Blunt, 2009) delivered insight to pore space morphologies and the connectivity of the pore space in 3D 
(chapter 5). MIP was used to relate direct microstructural observations within limited areas or volumes 
of investigation to bulk sample porosity measurements (chapter 4). Moreover, Wood’s metal injection 
in combination with cooled BIB-milling and high resolution SEM-imaging was used to analyze the 
connectivity of the pore space and visualize the impact of high pressure liquid metal injection on the 
porosity and microstructures of fine-grained, argillaceous geomaterials (chapter 7). 
Results show characteristic pore morphologies and total observed 2D porosities within different 
mineral phases of the Boom Clay (chapter 4). These are similar for samples of different mineralogical 
composition and grain-size distribution and irrespective of the depth of origin of the samples. Largest 
pores were found to occur preferentially at the boundaries between clay-matrix and non-clay mineral 
(NCM) – mostly quartz – grains and their sizes seem to depend on the size of the adjacent NCM-
grains. Therefore, total BIB-SEM observed porosities are suggested to depend significantly on a 
sample’s mineralogical composition and grain-size distribution. The overall distribution of porosity 
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within a sample can be modeled based on the distribution of different mineral phases within the 
sample and the grain-size distribution of the material. 
In fine-grained, clay-rich (> 50 dry wt.-% clay minerals) Boom Clay the intra-clay matrix porosity 
contributes to the major fraction of the total porosity and moreover, controls the overall connectivity 
of the pore space. In more coarse-grained, non-clay mineral-rich (> 50 dry wt.-% non-clay minerals) 
samples on the contrary, larger inter-aggregate pores account for the major fraction of the total 
resolved porosity and also significantly contribute to the overall pore space connectivity. Once these 
larger inter-aggregate pores are directly connected to each other, this might increase the permeability 
of the material to a large extent. In general it was distinguished between two different porosity and 
pore space connectivity regimes: (1) a highly connected pore space within the clay-matrix with pore 
throats mostly below 100 nm in diameter and (2) larger inter-aggregate pores at the boundaries 
between clay-matrix and non-clay mineral grains with pore throats > 1 µm in diameter, but with a 
significantly lower interconnectivity at the scales of observation of FIB-SEM, BIB-SEM and X-ray µ-
CT. 
Pore-size distribution analyses in 2D and 3D reveal power-law distributions of pore-sizes in Boom 
Clay over about 6 orders of magnitude, hinting towards scale invariance and self-similarity of the pore 
space characteristics and towards the possibility of up-scaling of our nm- to µm-scale observations to 
much larger scale characteristics of the formation (chapters 4 and 5). 2D BIB-SEM is essential to 
bridge the gap in observational scales between 3D X-ray µ-CT and FIB-SEM tomography and 
moreover, to select suitable spots for FIB-SEM porosity analyses (chapter 5). 
Comparing the results of porosity analyses on the Boom Clay and the Ypresian clays shows similar 
microstructures and pore space morphologies within the clay-matrix of the fine-grained, clay-rich 
samples, whereas in more coarse-grained, NCM-rich Ypresian clay samples, significantly different 
pore space morphologies were observed (chapters 4 and 6). Porosity distributions in the Ypresian clays 
seem to be bi-modal, whereas in the Boom Clay unimodal porosity distributions were observed. 
Results of Wood’s metal injection substantiate the high connectivity of the pore space in Boom Clay 
and the Ypresian clays (chapter 7). 
In the future, BIB-SEM observed porosities, pore morphologies, pore-size distributions and 
information on the pore space connectivity should be used to model bulk sample physical properties, 
such as permeability, diffusivity and electrical resistivity as well as single and multi-phase fluid flow 
and the migration of radionuclides in the analyzed materials. 
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Kurzfassung 
Tone- und Tonsteine machen in etwa 50 % aller Sedimente und Sedimentgesteine auf der Erde aus. 
Trotzdem ist die direkte Charakterisierung ihrer Mikrostruktur auf Grund der sehr feinen Korngröße 
des Materials (meist kleiner als 2 µm im Durchmesser) und der Sensitivität vieler Tonminerale im 
Kontakt mit Wasser, immer noch schwierig. Die Boom-Ton Formation und die Tone des Ypresian 
sind Referenzmaterialien für die Forschung an potentiellen Endlager-Wirtsgesteinen für langlebigen, 
stark- und gemäßigt-radioaktiven Abfall in Belgien (Van Marcke et al., 2005; ONDRAF/NIRAS, 
2013a; Verhoef and Schroeder, 2011; Verhoef et al., 2011). Eine detaillierte Charakterisierung ihrer 
Porenraumeigenschaften ist daher unumgänglich um die Transportprozesse von Radionukliden – zu 
denen Diffusion, Adsorption und Migration sowie Flüssigkeitstransport zählen – besser zu verstehen. 
In der vorliegenden Studie wurden Mikrostrukturuntersuchungen an representativen Proben des Boom 
Tons (Mol-1 Borloch, Belgien; Zeelmaekers, 2011; Kapitel 4, 5 und 7) sowie der Tone des Ypresian 
(Kallo-1, Belgien; Kapitel 6 und 7) durchgeführt. Fortschritte in den Technologien des breiten und 
fokussierten Ionenstrahlätzens haben zu einer Revolution der Mikrostrukturanalyse in sehr 
feinkörnigen Geomaterialien geführt. Um die Eigenschaften des Porenraumes in Boom Ton und den 
Tonen des Ypresian mit einer Auflösung bis in den Nanometerbereich in 2D und in 3D zu 
charakterisieren, wurden breites sowie fokussiertes Ionenstrahlätzen mit hochauflösender 
Rasterelektronenmikroskopie (REM) kombiniert und darüber hinaus Röntgen-
Mikrocomputertomographie und Quecksilberporosimetrie verwendet (Kapitel 4-6). Direkte Einblicke 
in die Beschaffenheit des Porenraumes in 2D wurden mittels einer Kombination aus breitem 
Ionenstrahlätzen und Rasterelektronenmikroskopie erlangt (BIB-SEM; Kapitel 4 und 6), wohingegen 
eine Kombination aus seriellem fokussiertem Ionenstrahlätzen und gleichzeitiger 
Rasterlektronenmikroskopie (FIB-SEM Tomographie) mit Röntgen-Mikrocomputertomographie und 
Porennetzwerkmodellierung (PNE; Dong and Blunt, 2009) direkte Einblicke in die Beschaffenheit des 
Porenraumes sowie dessen Konnektivität in 3D ermöglicht (Kapitel 5). Für den Vergleich der direkten 
mikrostrukturellen Beobachtungen innerhalb sehr kleiner, begrenzter Bereiche bzw. Volumina mit 
Standard-Massenprobenanalysen wurde Quecksilberporosimetrie (MIP) verwendet (Kapitel 4). Um 
die Konnektivität des Porenraumes in sehr feinkörnigen Proben zu visualisieren und darüber hinaus 
den Einfluss der Injektion von flüssigem Metall, unter sehr hohen Drücken, auf die Porenraum-
eigenschaften sowie die Mikrostruktur der Materialien zu analysieren, wurde flüssiges Wood’sches 
Metall in die Proben injiziert und gekühltes, breites Ionenstrahlätzen in Kombination mit Raster-
elektronenmikroskopie verwendet (Kapitel 7). 
Die Ergebnisse zeigen charakteristische Porenraumeigenschaften (Morphologie und Porosität) 
innerhalb unterschiedlicher Mineralphasen des Boom Tons, unabhängig von der mineralogischen 
Gesamtzusammensetzung, der Korngrößenverteilung und der Herkunftstiefe der Proben. Die größten 
Poren treten bevorzugt an Phasengrenzen zwischen Tonmatrix und Nicht-Tonmineralen – meist 
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Quartz – auf. Die beobachtete Gesamtporosität einer Probe hängt daher stark von der Mineralogie und 
der Korngrößenverteilung der Probe ab und die Verteilung der Porosität innerhalb einer Probe ist 
bedingt durch die räumliche Verteilung der verschiedenen Mineralphasen innerhalb der Probe. In eher 
feinkörnigen, tonmineralreichen (> 50 Gew.-% Tonmineralgehalt) Proben des Boom Tons wird die 
Gesamtporosität der Probe maßgeblich von der Porosität innerhalb der Tonmatrix bestimmt, welche 
darüber hinaus die Gesamtkonnektivität des Porenraumes kontrolliert. In eher grobkörnigen Proben, 
welche reicher an Nicht-Tonmineralen (> 50 Gew.-%) sind, haben dagegen Poren an den 
Phasengrenzen zwischen Tonmatrix und Nicht-Tonmineralkörnern den größten Anteil an der 
Gesamtporosität und tragen darüber hinaus maßgeblich zu der Konnektivität des Porenraumes bei. 
Sind diese Poren an den Phasengrenzen direkt miteinander verbunden, kann dies die 
Gesamtdurchlässigkeit des Materials stark erhöhen. Im Allgemeinen wurde zwischen zwei Porositäts- 
und Konnektivitätsregimen unterschieden: (1) Porenraum innerhalb der Tonmatrix, welcher eine hohe 
Interkonnektivität mit Porenhalsdurchmessern < 100 nm aufweist, und (2) größere Poren an den 
Phasengrenzen zwischen Tonmatrix und Nicht-Tonmineralkörnern, die eine deutlich geringere 
Interkonnektivität zeigen, jedoch mit Porenhalsdurchmessern ≥ 1 µm. Die Analyse der 
Porengrößenverteilungen in 2D und 3D zeigt Potenzverteilungen über mehr als sechs 
Größenordnungen in Boom Ton. Dies weist auf Maßstabsunabhängigkeit sowie Selbstähnlichkeit der 
Porenraumeigenschaften hin und zeigt darüber hinaus die Möglichkeit der Extrapolation der 
beobachteten Nanometer- und Mikrometerstrukuren auf großräumigere, strukturelle Eigenschaften der 
Formation an (Kapitel 4 und 5). 2D BIB-SEM ist notwendig um die Lücke zwischen den 
Auflösungsbereichen der 3D Röntgen-Mikrocomputertomographie und FIB-SEM Tomographie zu 
schließen sowie um geeignete Positionen für die 3D FIB-SEM Tomographie auszuwählen (Kapitel 5). 
Vergleicht man die Ergebnisse der 2D BIB-SEM Untersuchungen an Boom Ton, mit denen an den 
Tonen des Ypresian (Kapitel 6), so zeigt dies ähnliche Mikrostrukturen und Porenraumeigenschaften 
innerhalb der Tonmatrix der sehr feinkörnigen und tonmineralreichen Proben, wohingegen in den eher 
grobkörnigeren Proben der Ypresian Tone völlig andere Mikrostrukturen und Porenraumeigenschaften 
beobachtet wurden (Kapitel 4 und 6). Die Tone des Ypresian zeigen bi-modale Porositätsverteilungen, 
wohingegen die gemessenen Porositätsverteilungen in den untersuchten Boom-Ton Proben unimodal 
zu sein scheinen. Die Injektion von flüssigem Wood’schen Metall in die Proben bestätigt die hohen 
Interkonnektivitäten des Porenraumes in Boom Ton und den Tonen des Ypresian. 
In Zukunft sollen die beobachteten Porositäten, Porenraummorphologien, Porengrößenverteilungen 
und gemessenen Konnektivitäten des Porenraumes, zur Modellierung von effektiven, physikalischen 
Eigenschaften – wie z.B. Permeabilität, Diffusivität und elektrischer Widerstand – sowie zur 
Modellierung von ein- und mehrphasigem Flüssigkeitstransport und der Migration von Radionukliden 
verwendet werden. 
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1. Introduction 
The safe long-term disposal of radioactive waste is a currently extensively discussed issue and the 
final disposal of the waste in a deep-geological formation, either of sedimentary (i.e. clay) or igneous 
origin (e.g. granite), is one of the favorable options. Potential host rock formations in central Europe 
include the Boom Clay (Belgium and the Netherlands), the Ypresian clays (Belgium), the Opalinus 
Clay (Switzerland and Germany) and the Callovo-Oxfordian Clay (France; Delage et al., 2010). The 
geological formations should isolate the radioactive waste from the environment and humanity via 
adsorption of radionuclides as well as delay and attenuate the transport of radionuclides. Therefore, the 
materials’ transport properties, with respect to radionuclides, are essential. 
In fine-grained, low porous and low permeable clayey materials the transport of radionuclides is 
known to be primarily controlled by diffusion through the accessible pore space (Aertsens et al., 
2008a; Ortiz et al., 2002; section 2.2). Thus, the total porosity and the pore space connectivity of the 
host rock material are of major importance. 
Traditional methods for characterizing the pore space and in particular the pore space connectivity, 
down to the nm-scale resolution in fine-grained, argillaceous materials include Mercury Intrusion 
Porosimetry (MIP), gas  generation and migration experiments, water content porosity measurements 
and density difference calculations. However, all these methods yield only indirect information on the 
morphology of the pore space, as well as its interconnectivity and moreover, are subject to several 
assumptions, regarding the shape and connectivity of the porous system. 
1.1. Objective of this study 
In the present study, novel techniques, including broad-ion-beam scanning electron microscopy (BIB-
SEM), focused-ion-beam serial cross-sectioning with simultaneous SEM-imaging (FIB-SEM 
tomography) and X-ray µ-CT, are combined with 3D pore network extraction (PNE) modeling (Dong 
and Blunt, 2009) to visualize and characterize the pore space and its connectivity in representative 
samples of the Boom Clay Formation from cores of the ON-Mol-1 borehole (Belgium), drilled at the 
SCK-CEN research site in Mol-Dessel, and the Ypresian clays, sampled from cores of the ON-Kallo-1 
drilling in Kallo (Belgium) in 2D and in 3D by direct observations and microstructural analysis down 
to the nm-scale resolution. Moreover, high pressure Wood’s metal injection was used in combination 
with cooled BIB-milling and SEM-imaging on several samples of the Boom Clay and the Ypresian 
clays to analyze the pore space connectivity of the injected samples. Furthermore, the impact of high 
pressure liquid metal injection into fine-grained, argillaceous materials on their microstructure, 
including the pore space, as well as the total measured porosities and transport properties of the 
material should be evaluated. Results are compared to indirect bulk sample porosity measurements by 
Mercury Intrusion Porosimetry (MIP). 
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The obtained results and their joint analysis should improve the understanding of transport processes 
of radionuclides in the Boom Clay and the Ypresian clays, including diffusion, gas migration and fluid 
flow, and help in evaluating the materials as potential host rock formations for the deep-geological 
disposal of radioactive waste in Belgium. 
1.2. Chapter overview 
This thesis consists of an introduction part (chapter 1), giving an overview of the presented results, 
information on further publications in the context of this dissertation and the general objective of this 
study. The second chapter contains background information on clays and clay stones, radioactive 
waste disposal and the state of the art of microstructural analysis on fine-grained, argillaceous 
materials. In chapter 3, the analyzed samples are presented as well as information on their 
lithostratigraphy, mineralogy and occurrence. In chapter 4, the results of 2D pore space analysis, using 
BIB-SEM on representative samples of the Boom Clay Formation at Mol-1 (Belgium), are presented. 
This research has been published in the ‘Netherlands Journal of Geosciences’ (volume 92 (4), pp. 275-
300). Chapter 5 presents the results of 3D pore space investigations, using a combination of FIB-SEM 
tomography, X-ray µ-CT, BIB-SEM and pore network extraction (PNE; Dong and Blunt, 2009) 
modeling. The results are published in ‘Microporous and Mesoporous Materials’ (volume 208, pp. 1-
20). Chapter 6 summarizes the results of 2D BIB-SEM porosity analyses on representative samples of 
the Ypresian clays at Kallo-1 (Belgium) and compares them to the results of 2D BIB-SEM porosity 
investigations on the Boom Clay (chapter 4). In chapter 7, results of Wood’s metal injection (WMI) on 
more fine- and rather coarse-grained Boom Clay as well as on one Ypresian clay sample of 
intermediate grain-size are presented. Parts of this chapter are included in Klaver et al. (2015a) at 
‘Geofluids’. Chapter 8 summarizes the most important outcomes of this dissertation and chapter 9 
gives an outlook on potential further research, as well as applications of the presented results. 
1.3. RWTH Aachen GED publications 
The following contributions were either published in scientific, peer-reviewed journals, in the form of 
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ray µ-CT, 2D BIB-SEM and FIB-SEM tomography. Microporous and Mesoporous Materials, 208, 1-
20. 
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clay structures: insights and challenges. In Clay characterisation from nanoscopic to microscopic 
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NES Radioactive waste management (NEA/RWM/CLAYCLUB, 2013 pp. 67-74). 
Desbois, G., Urai, J., Houben, M., Hemes, S. & Klaver, J. (2012). BIB-SEM of representative area 
clay structures paving towards an alternative model of porosity. In Geophysical Research Abstracts 
Vol.14. EGU General Assembly 2012. Vienna, Austria. 
Hemes, S., Desbois, G. & Urai, J.L. (2015). Microstructural characterization of the Ypresian clays at 
the nm-scale resolution, using broad-ion beam scanning electron microscopy (BIB-SEM) – 
preliminary results. Clays in natural and engineered barriers for radioactive waste confinement; 6th 
International Conference, March 23-26, 2015, Brussels, Belgium. 
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ray µ-CT, BIB-SEM and serial FIB-SEM. Clays in natural and engineered barriers for radioactive 
waste confinement; 6th International Conference, March 23-26, 2015, Brussels, Belgium. 
Hemes, S., Klaver, J., Desbois, G. & Urai, J. L. (2014). Three dimensional analysis of the pore space 
in fine-grained Boom Clay, using BIB-SEM (broad-ion beam scanning electron microscopy), 
combined with FIB (focused ion-beam) serial cross-sectioning, pore network modeling and Wood’s 
metal injection. In Geophysical Research Abstracts Vol. 16, 9657-3. EGU General Assembly 2014. 
Vienna, Austria. 
Hemes, S., Desbois, G., Urai, J. L., De Craen, M. & Honty, M. (2013). Homogeneity vs. 
Heterogeneity of Porosity in Boom Clay. In Clay characterisation from nanoscopic to microscopic 
resolution. NEA Clay Club Workshop Proceedings Karlsruhe, Germany 6-8 September 2011. OECD-
NES Radioactive waste management (NEA/RWM/CLAYCLUB, 2013 pp. 105-108). 
Hemes, S., Klaver, J., Desbois, G & Urai, J. L. (2013) Deformation of Boom Clay microstructure, due 
to compaction during Wood’s metal injection, as visualized by high resolution scanning electron 
microscopy and broad-ion beam milling. In Proceedings 9th International Conference on Deformation 
mechanisms, Rheology and Tectonics (DRT) (p. 1). Leuven, Belgium. 
Hemes, S., Desbois, G. & Urai, J. L. (2012). Effects of mineralogy and grain-size distribution on pore 
space morphologies in Boom Clay – insights from 2D high resolution BIB-SEM investigations and 
Mercury Injection Porosimetry. In Andra Conference on Clays in Natural and Engineered Barriers for 
Radioactive Waste Confinement (p. 1). Montpellier, France. 
Hemes, S., Desbois, G. & Urai, J. L. (2012). New insights to pore space morphologies in Boom Clay - 
results from 2D BIB-SEM investigations and mercury injection porosimetry. In Geophysical Research 
Abstracts Vol. 14, 5631. EGU General Assembly 2012. Vienna, Austria. 
Hemes, S., Desbois, G., Urai, J. L., de Craen, M., Honty, M. & Brassinnes, S. (2011). New technique 
for pore-space investigations of clay materials: A case study on Boom Clay – reference host formation 
for geological disposal of radioactive waste in Belgium. In Geophysical Research Abstracts Vol. 13, 
1733-1. EGU General Assembly 2011, Vienna, Austria. 
1.3.3. Reports and other contributions 
Hemes, S., Desbois, G. & Urai, J. L. (2014). Analysis of the pore space in Boom Clay – from 2D BIB-
SEM to 3D connected pore networks. Vereinigung Aachener Geowissenschaftler (VAG) Geotag 2014. 
Aachen, Germany. 
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samples. SCK-CEN External report (ER-208) 65 pp. Mol, Belgium. 
Hemes, S., Desbois, G., Urai, J. L., De Craen, M. & Honty, M. (2011). Comparative study on porosity 
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2. Background 
2.1. Clays and clay stones 
Clays and clay stones comprise about 50 % of all sediments and sedimentary rocks on earth. They are 
relevant for many processes and whole industries, including the oil and gas industry, petroleum 
engineering, exploration and production, and for radioactive waste disposal and confinement. In 
particular, they play a major role in evaluating oil and gas generation and migration, as well as the 
sealing performance of a material. Moreover, they form potential host rock materials for the long-term 
disposal of radioactive waste, which is due to their low permeability, low hydraulic conductivity, 
ductile behavior and high adsorption capacity for radionuclides (Potter et al., 2005). In the engineering 
industry, characteristic intrinsic physical and chemical properties of clays and clay stones, such as 
plasticity, shear strength and shrink-swell capacity during drying and hydration, play an important role 
(e.g. for the prediction and prevention of landslides and the calculation of subsidence during or after 
construction; Aplin et al., 1999). 
2.1.1. Definitions 
Various definitions exist for the use of the terms clay or clay stones, where in general the 
differentiation between clay and clay stone is made via the degree of lithification of the material, 
describing the transition from a loose sediment (clay) to a lithified rock (clay stone), involving 
diagenetic processes, such as cementation and compaction of the material, often resulting in a porosity 
reduction (Potter et al., 2005). These processes alter the mineralogy of the material, due to changing 
temperature and pressure conditions, as well as changes in the chemical composition of the pore fluids 
and thus also the cements. 
When defining clays, one has to distinguish between two definitions; one purely based on grain-size 
(i.e. particles below 3.9 µm in grain diameter; Wentworth, 1922) and secondly, definitions of clay 
minerals. However, most clay-sized material on earth consists of clay minerals, which are usually 
concentrated in the < 2 µm fractions of sediments and sedimentary rocks. Clay minerals are primarily 
produced from chemical weathering of feldspars, muscovite or volcanic ashes (Potter et al., 2005). The 
definition of a material as a clay or clay stone, based on its grain-size, means that more than 50 % of 
the material are composed of clay-sized particles, which are after Wentworth (1922), below 3.9 µm in 
diameter (Blatt et al., 1980; Folk, 1968; Ingram, 1953; Stow and Piper, 1984). 
Clays and clay stones can be further sub-divided into silty or sandy clays; depending on if more than 
10 %, after Stow and Piper (1984) or 25 %, after Folk (1968) of the material are composed of either 
silt (> 3.9 to 63 µm in grain diameter) or sand-sized (> 63 µm in grain diameter) material, respectively 
(Wentworth, 1922). 
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Besides these definitions, purely based on grain-size, further geochemical, microstructural or textural 
definitions exist of clays and clay stones. These are, however, used less often and merely for a further 
description of the material, rather than for its initial classification. Geochemical classifications include 
the calcium carbonate (CaCO3) and silicon dioxide (SiO2) content of a material, resulting in calcareous 
(> 10 % CaCO3) and siliceous (> 10 % SiO2) clays or clay stones, respectively. Moreover, the organic 
carbon content is sometimes taken into account; if a material contains more than 1 % organic carbon, 
it can be described as a carbonaceous clay (Stow and Piper, 1984). Classifications based on textural 
aspects include the appearance and behavior of the material; i.e. whether it is soft or indurated (Folk, 
1968, 1996), massive or fissile (Blatt et al., 1980; Ingram, 1953). Indurated clays can be further sub-
divided according to the existence of a bedding or laminar structures (Potter et al., 1980, 2005). 
Moreover, clays can be described and classified with respect to their depositional environment; i.e. as 
continental, transitional or marine clays (Potter et al., 2005). 
2.1.2. Clay mineralogy – terms and definitions 
Clays are hydrous phyllosilicates (i.e. sheet silicates), consisting of alternating, parallel, continuous 
sheets of linked silica tetrahedra, with a Si to O ratio of 2 to 5 and linked octahedra sheets; similar to 
the mica group, but with grain-sizes usually below 2 µm in diameter. The order and amount of 
tetrahedral, often denoted as (T) and octahedral (O) sheets determines the resulting clay mineral 
structure and type. According to Moore and Reynolds (1989) as well as Velde (1992) “clays are 
classified according to the number and type of sheets making up the unit cell”. 
The octahedral sheets consist of linked octahedra of oxygen and hydroxide ions, with an aluminum or 
magnesium cation in their center. Whereas during incorporation of an aluminum ion, only two thirds 
of the octahedral structure are filled, during the incorporation of a magnesium ion, the entire central 
volume between the oxygen and the hydroxide ions is filled (Potter et al., 2005). Moreover, different 
clay minerals are formed by the different types of interlayer cations built-in their structure, as well as 
the different amounts of OH
-
 bonds, keeping the sheets together. 
The charge of a clay mineral depends on the positively charged interlayer cations and the amount of 
negatively charged OH
-
 bonds. Often, the exchange of cations in the tetrahedral or octahedral 
structures  (i.e. ‘cation substitution’) results in a net charge of the clay mineral, which may be 
compensated by the incorporation of a mono- or divalent cation in the interlayer position (Potter et al., 
2005). The so called ‘cation exchange capacity’ (CEC) of a clay mineral describes the exchange 
capacity of charged ions, adsorbed to the clay’s surface, and is responsible for the high adsorption 
potential of many clay minerals with high CECs, e.g. for radionuclides (Potter et al., 2005). CECs can 
vary between zero to larger than 100 or 200 meq per 100g for different clay minerals (Potter et al., 
2005). Moreover, clays contain water, both in between the different (‘T’ and ‘O’) sheets, as well as 
2. Background 
 
 
9 
 
bound to their surfaces. The amount of water contained in the clay structure determines the swelling 
potential of the clay mineral during hydration. 
The most important clay mineral groups are: 
- The Kaolin (sometimes + Serpentine) group, consisting of one octahedral and one tetrahedral 
sheet (‘TO’) and thus denoted as 1:1 clays. This group includes the mineral kaolinite, with a 
rather low shrink-swell capacity and a low cation exchange capacity (CEC of ~ 1-15 
meq/100g). 
- The Smectite group, including the minerals montmorillonite and saponite, consisting of one 
octahedral and two tetrahedral sheets (‘TOT’) and thus referred to as 2:1 clays. 
- Another 2:1 (‘TOT’) clay mineral group is the Vermiculite group. Vermiculites can be either 
di- or tri-octahedral and have a structure and composition very similar to smectites, but with a 
different amount of water incorporated into the clay structure. This results in a different 
shrink-swell capacity and a higher (~ double) cation exchange capacity (CEC) of vermiculites, 
compared to smectites (Potter et al., 2005). 
- A further (‘TOT’) 2:1 clay mineral group is the Mica group, including the minerals illite or 
phlogopite, which are also similar in their structure to smectites and vermiculites, but with an 
additional potassium ion built-in between the ‘TOT’-sheets. This results in the absence of a 
swelling potential, due to the poor hydration of the potassium cation. Therefore, these clays 
are referred to as ‘non-expandable clays’. 
- The last 2:1 (‘TOT’) clay mineral group is the Chlorite group, including the minerals 
clinochlore and donbassite, which contain a special interlayer between each ‘TOT’-group, 
consisting of (Mg,Fe)·(OH)6. These clays are therefore, often referred to as “three plus one 
clays”. 
Furthermore, existing mixed-layer clays can be basically anywhere in composition between their end-
members (Potter et al., 2005). The most important mixed-layer clays are illite-smectite and chlorite-
smectite mixed layer clays. 
One of the most important properties of clay minerals is their swell-shrink potential, which is not 
inherent to all clay minerals. Therefore, clay minerals are often sub-divided into expandable and non-
expandable clays. The most important expandable clays are smectites (i.e. montmorillonite), but also 
vermiculites and kaolinite. Illite is an example of a non-expanding clay mineral. Expandable clays are 
most evaluated for their sealing capacity, whereas clays with high CECs, like smectites and in 
particular vermiculites are of industrial interest for the adsorption of contaminants, such as 
electrolytes, metals or radionuclides, e.g. from waste landfills or nuclear waste disposal sites (Potter et 
al., 2005). 
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2.1.3. Clay mineral formation 
Most clay minerals are of terrigenous origin and thus formed by mostly chemical weathering of rocks 
at the earth’s surface. Only very little material is produced by submarine (chemical) weathering of Fe- 
and Mg-rich material. Another source of clays is of biogenic origin, i.e. from the mechanical 
weathering of diagenetic, organic material, resulting in fine-grained carbonate or silica debris (Potter 
et al., 2005). The most important source of clay minerals is thus from chemical or mechanical 
weathering of igneous, granitic and basaltic rocks, or from volcanic ashes. In particular, K-feldspars, 
amphibole, pyroxene and muscovite are the source minerals of clays. Besides the type of source rock 
and the pressure-temperature (P-T) conditions, which are the main factors controlling the type of clay 
mineral that will be formed, environmental (i.e. climatic) conditions, including the amount of rainfall 
and the CO2-content of the rainwater, are important parameters, influencing the resulting clay 
mineralogical composition. Another important factor is the residence time of the primary mineral 
within the weathering zone (Potter et al., 2005). Two additional factors determine the final clay 
mineralogical composition, which are the differential transport of clay minerals in suspension, as well 
as the sensitivity of clay minerals to sodium and other cations in solution. At identical transport 
energies, kaolinite and micas settle faster, whereas smectites travel farthest in suspension, due to their 
smaller particle sizes (Potter et al., 2005). 
2.1.4. Clay mineralogical analysis 
Clay mineralogical characterization is usually carried out by oriented specimen X-ray diffraction, 
which provides the crystal lattice spacing (d) and thus the thickness of the silicate layer, influenced by 
the stacking order of the ‘T’ and ‘O’ sheets, as well as the incorporated cation sizes. For clay mineral 
identification and quantification, the clay minerals should be separated from the non-clay minerals; 
this is usually done by slightly crushing the material, followed by sieving. Afterwards the material 
should be homogenized for XRD analysis and several methods exist to do so, including the ‘glass slide 
method’, the ‘smear method’, the ‘filter membrane peel technique’ and the ‘centrifuged porous plate 
technique’ (see e.g. Gibbs, 1967; Hathaway, 1955; Starkey et al., 1984 and Moore and Reynolds, 1989 
for further information). 
2.2. Nuclear waste disposal in geological formations 
The final disposal of radioactive waste is a currently widely discussed issue, since until now, no 
ultimate solution for the problem has been found. The internationally valid agreement is that “every 
country that produces radioactive waste is ultimately responsible for the final disposal of it” (IAEA, 
2009a; World Nuclear Association, 2012). Geological formations are currently being considered and 
studied as part of a so-called ‘multi-barrier system’, consisting of several engineered barriers and an 
ultimate natural barrier (ONDRAF/NIRAS, 2011). In more detail, the multi-barrier system consists of 
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an insoluble matrix, such as borosilicate glass or synthetic rock (e.g. ‘synroc’1), for immobilization 
and confinement of the waste. This will be surrounded by corrosion-resistant containers, such as 
stainless steel, and an impermeable backfill of bentonite clay or cement is used for encapsulation and 
sealing of the immobilized, vitrified waste. The ultimate barrier will be formed by a deep geological 
host rock formation, within a stable geological structure, which should be able to absorb radionuclides 
via adsorption and prevent or delay the transport and release of radionuclides to the surface; once the 
engineered barriers have started to fail (IAEA, 2009a; ONDRAF/NIRAS, 2011; Zhu and Chan, 1989). 
The entire multi-barrier system should provide an isolation of the waste from the environment for as 
long as several hundreds to thousands of years, depending on the type of waste and the half-lives of 
the contained radionuclides (IAEA, 2009a; Zhu and Chan, 1989). The multi-barrier approach is 
anticipated for the final disposal of high- and medium-level, long-lived radioactive waste, comprising 
categories B and C, whereas surface storage sites are considered suitable for the final disposal of low-
level radioactive waste (i.e. category A)
 2
. 
Geological materials, which are currently being considered as ultimate barriers for the final disposal of 
high- and medium-level, long-lived radioactive wastes, include igneous rocks, such as granites in 
Sweden (Svensk Kärnbränslehantering (SKB AB), 2009) and tonalites in Finland (Cosma et al., 2003), 
tuff or ignimbrites in the U.S. (e.g. Yucca Mountain, Nevada; International Nuclear Societies council 
(INSC), 2002; Tollefson, 2011, 2014) and rock salt in Germany (e.g. Gorleben salt mine; Röhlig, 
2013) or New Mexico (NEA, 2000). Igneous rocks are also being discussed as potential host rocks for 
the final disposal of radioactive waste, e.g. in Russia (Siberia), Spain, France, Canada, Japan, Korea, 
Switzerland, Argentina and the U.S. (World Nuclear Association, 2012, 2013). Alternative potential 
solutions are argillaceous formations, which are being considered and investigated as ultimate barriers 
for the disposal of radioactive waste in Belgium, the Netherlands, France, Germany, Hungary, 
                                                     
 
1 ‘Synroc’ is a suite of technologies, which provides the most effective and durable means of immobilization of various forms 
of intermediate- and high-level radioactive wastes for disposal. It is basically a ceramic, made from several natural minerals, 
which together incorporate into their crystal structures nearly all of the elements present in high-level radioactive waste 
(ANSTO, 1991; Jostsons, 2002; World Nuclear Association, 2011). Recent developments are of specialized forms to 
immobilize plutonium and of composite glass-ceramics, achieving high waste loadings of 50-80 % (ANSTO, 1991, 2005; 
Begg et al., 2005; Jostsons, 2002; World Nuclear Association, 2009, 2011). 
2 The internationally valid classification for the long term management and storage of radioactive waste is into categories A, 
B and C, according to the activity and the half-lives of the contained radionuclides: 
- Category A comprises short-lived, low- and intermediate-level wastes, with limited quantities of long-lived 
radionuclides. This waste is considered suitable for surface disposal, but it still presents a risk to humanity and the 
environment over several hundreds of years (ONDRAF/NIRAS, 2011). 
- Category B waste contains low and intermediate-level wastes, as well as long-lived radionuclides, which make it 
harmful to people and the environment over hundreds to thousands of years. Its heat production is initially high, but 
decreases to an intermediate level, after some storage time. 
- Category C waste is high-level waste, containing large quantities of long-lived radionuclides. It presents a risk to 
humanity and the environment over several hundreds to thousands of years. In contrast to category B wastes, its 
heat production stays high (i.e. the waste continues to emit heat with a thermal power ≥ 20 watt/m³, beyond the 
storage time currently considered (IAEA, 2009b; ONDRAF/NIRAS, 2011). 
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Switzerland, Spain, the U.K. and Japan (World Nuclear Association, 2012, 2013). Geological 
materials, which are already in use for the storage of intermediate and low-level radioactive wastes, 
with low heat production and emission, are iron ore bodies; e.g. in the former ‘Mine Konrad’ in 
Germany (Röhlig, 2013). 
2.2.1. Why are argillaceous formations and in particular the Boom Clay and the Ypresian 
clays favorable host rock materials for the deep geological disposal of radioactive waste? 
The most relevant argillaceous formations, investigated for the deep geological disposal of radioactive 
waste in Europa, are the Opalinus Clay in Switzerland and Germany, the Boom Clay in Belgium and 
the Netherlands and the Callovo-Oxfordian Clay in France (Delage et al., 2010). Argillaceous 
formations are considered suitable as host rock materials for the deep geological disposal of high- and 
medium-level, long-lived radioactive wastes, due to their low permeability, low hydraulic conductivity 
and the diffusion controlled transport of radionuclides in the material (Aertsens et al., 2005a, 2005b, 
2008a; Bruggeman et al., 2009; FUNMIG/EURATOM, 2008; Maes et al., 1999; ONDRAF/NIRAS, 
1989, 2001a, 2011). 
The Boom Clay and the Ypresian clays are the two reference host rock materials for research on the 
deep geological disposal of high- and medium-level, long-lived radioactive wastes in Belgium and the 
Netherlands (Van Marcke et al., 2005; ONDRAF/NIRAS, 2001a, 2013a; Verhoef et al., 2011). They 
show a relatively low porosity, low permeability, diffusion controlled transport of radionuclides and 
poor induration. Moreover, their high cation exchange capacities (CECs) result in good sorption 
properties for radionuclides. Altogether, this should result in an efficient retention, attenuation and 
delay of radionuclide transport in the materials and thus isolate the waste from the environment for 
several hundreds to thousands of years (Aertsens et al., 2005a, 2005b, 2008a; Bruggeman et al., 2009; 
FUNMIG/EURATOM, 2008; Maes et al., 1999; ONDRAF/NIRAS, 1989, 2001b, 2011, 2013a). 
Moreover, both materials show a rather homogeneous permeability, hydraulic conductivity and 
mineralogical composition (ONDRAF/NIRAS, 2011); and they are present within simple geological 
structures, facilitating their characterization. The chemical, mineralogical and physical properties of 
the clays seem to have remained more or less unchanged since their depositions ~ 33.9-28.4 Ma ago 
(Rupelian, lower Oligocene, Tertiary) for the Boom Clay and ~ 55 to 49 Ma ago (Ypresian, Eocene) 
for the Ypresian Clays. They are therefore, interpreted as hydro-geologically, geochemically and 
mechanically stable over a geological timescales (i.e. millions of years; ONDRAF/NIRAS, 2011). The 
depositions of the Boom Clay and the Ypresian clays both show a rather high vertical thickness of 
between 100-150 meters (Van Marcke et al., 2005; Vandenberghe et al., 2014), as well as a high 
lateral continuity. Moreover, as a result of the swelling potential of the clay minerals (i.e. plasticity), 
they show very good self-sealing properties after fracturing (Bastiaens et al., 2005; Van Geet et al., 
2008; Monfared et al., 2012), which makes them favorable for the construction of an underground site 
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for the disposal of radioactive waste (ONDRAF/NIRAS, 2011). Their good self-healing and self-
sealing properties would moreover, limit the thickness of the excavation damage zone (EDZ), 
comprising material which is effectively perturbed by the excavation activities; and therefore, not 
yield preferential pathways for the migration of radionuclides and other contaminant, or fluid flow 
(Bastiaens et al., 2005; Bernier and Bastiaens, 2003; Van Geet et al., 2008; ONDRAF/NIRAS, 2011). 
2.2.2. Diffusion of radionuclides 
The transport of radionuclides in low porous and low permeable, un-fractured, clayey materials is 
known to be primarily controlled by diffusion through the accessible and connected pore space 
(Delage et al., 2010; ONDRAF/NIRAS, 2001a; Shackelford and Daniel, 1991). The total effective 
porosity, the pore space connectivity and the pore-throat size distribution play major roles in 
controlling this process. A detailed characterization of the pore space, including its connectivity, down 
to the nm-scale resolution, is therefore, indispensable to gain knowledge on the parameters, which are 
influencing the radionuclide diffusion rates to the surface, and for a full understanding of the transport 
relevant processes. 
A very good overview of the diffusion controlling parameters in porous media is given in Shackelford 
and Moore (2013), with the most important parameter being the concentration gradient of the 
radionuclides, driving the process of diffusion. Moreover, the temperature, the viscosity of the solvent 
(= pore fluid) and the total, for the radionuclides accessible and connected (= effective) pore space 
play major roles. The molecular radii of the individual radioisotopes, relative to the pore-throat size 
distribution, as well as the connectivity of the pore space, determine the effective porosity. Additional 
factors, such as the tortuosity of the pore paths (i.e. the ratio of the effective pore path, relative to the 
shortest distance between the two ends of the path; Shackelford and Daniel, 1991), the sorption 
capacity of the clay material, described by the retardation factor (i.e. a dimensionless factor of the 
linear, reversible and instantaneous sorption of a chemical species; Shackelford and Moore, 2013) and 
the constrictivity, which is a function of the pore diameter and the size of the diffusing particles, have 
an influence on (i.e. slow down) the process of diffusion. Constrictivity slows down diffusion by an 
increased viscosity of the pore fluid in narrow pores or close to pore walls (Renkin, 1954; Shackelford 
and Moore, 2013). Moreover, anion exclusion effects, due to the size and charge of the radionuclides, 
are important (Aertsens et al., 2008a; Savoye et al., 2012; Shackelford and Moore, 2013). 
2.3. Microstructural analysis of fine-grained, argillaceous materials 
Although pore space morphologies and in particular the shape, size, connectivity and spatial 
distribution of porosity are important parameters, influencing the mostly diffusion controlled transport 
of radionuclides in fine-grained, argillaceous materials, knowledge on the porosity in Boom Clay is 
mostly from bulk sample, indirect porosity measurements, like Mercury Intrusion Porosimetry (MIP), 
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water content porosity measurements, or density difference calculations. Direct microstructural 
analysis of clays is challenging and only very few direct observations, in particular not down to the 
nm-scale resolution, exist on the Boom Clay, although the pore space connectivity and thus also the 
radionuclide transport controlling pore-size regime is presumably within the nm-range. Reasons for 
this are the difficulties in preparing clay samples, suitable for high resolution, direct microstructural 
analysis, e.g. by optical or electron microscopy. Optical, as well as electron microscopy require flat 
polished sample surfaces, which are not easy to obtain of clay specimens. Both dry and wet 
mechanical polishing are unsuitable, due to the platy nature and small grain-sizes of the clay minerals, 
as well as the reaction of many clay minerals with water. Dry mechanical polishing contains a high 
risk of destroying the original sample microstructures and wet-polishing is inappropriate, due to the 
swell-shrink capacity of clay minerals. To stabilize and protect the original sample microstructures, 
clay specimens are often impregnated with epoxy resins, e.g. for the preparation of thin sections. 
First 2D nm-scale direct observations on Boom Clay microstructures were made by Baeyens et al. 
(1985) and Al Mukhtar et al. (1996), using scanning electron microscopy (SEM) on broken surfaces of 
Boom Clay. However, these studies suffered from the low quality of the resulting SEM-images, due to 
the rough sample surfaces. 
2.3.1. Conventional, indirect methods for accessing porosity in clayey materials 
Knowledge on porosity in Boom Clay is mostly from bulk sample, indirect measurements, including 
Mercury Intrusion Porosimetry (MIP) (e.g. Al-Mukhtar et al., 1996; Boisson, 2005; Dehandschutter et 
al., 2005a, 2005b; Hemes et al., 2013; Hildenbrand et al., 2002, 2004), which is performed on dried 
samples, or measurements carried out on water saturated samples, including water content porosity 
measurements (Boisson, 2005; Hemes et al., 2013; Hildenbrand et al., 2002, 2004; Merceron, 1994), 
gas generation and migration experiments (Monsecour et al., 1991; Ortiz et al., 2002), or density 
difference calculations (FUNMIG/EURATOM, 2008). MIP on dried Boom Clay gives total 
interconnected porosity volumes, down to accessible pore throat diameters of 3.6 nm, between 23-40 
Vol.-% (Al-Mukhtar et al., 1996; Boisson, 2005; Dehandschutter et al., 2005a, 2005b; Hemes et al., 
2013; Hildenbrand et al., 2002, 2004), whereas measurements on water-saturated samples result in 
porosity volumes between 35-39 % (Boisson, 2005; Hemes et al., 2013; Hildenbrand et al., 2002, 
2004; Merceron, 1994; Monsecour et al., 1991; Ortiz et al., 2002; FUNMIG/EURATOM, 2008). 
The HTO (titrated water), iodide (
129
I
-
) and H
14
CO3
-
, as well as dissolved silica (
32
Si, Si(OH)4 or 
SiO(OH)3
-
) diffusion accessible porosities in Boom Clay and the Ypresian clays are reported in 
Aertsens et al. (2003, 2005a, 2005b, 2008a, 2008b, 2008c, 2008d, 2010a, 2010b) and Bruggeman et al. 
(2009), resulting in e.g. HTO diffusion accessible porosities between 30-49 Vol.-% and iodide 
diffusion accessible porosities between 16-28 Vol.-%. 
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Gas breakthrough experiments were performed by Hildenbrand et al. (2002, 2004), resulting in 
significantly lower transport porosities between 1E-05 to 1E-02 %, estimated using a capillary bundle 
model. This indicates that only a very small fraction of the total porosity in Boom Clay is available for 
gas flow (Hildenbrand et al., 2004). 
However, all of the methods presented above are subject to several limitations, which are mostly 
related to the indirect assessment of porosity, instead of direct observations. Limitations include the 
high pressures applied during Mercury Intrusion Porosimetry (MIP), which have been discussed by 
various authors, including Penumadu and Dean (2000), Hildenbrand and Urai (2003) and Klaver et al. 
(2015a). Sample compression might occur both at an initial stage of the MIP experiment (Penumadu 
and Dean, 2000), as well as during high pressure Mercury injection (Hildebrand and Urai, 2003; 
Klaver et al., 2015a). Another effect, discussed by Diamond (2000), are critical, threshold pore throat 
entry diameters, leading to inaccurate pore-size distributions measured by MIP. Moreover, the well-
known ‘ink-bottle-effect’ (Moro and Böhni, 2002) provides a further limitation of Mercury Intrusion 
Porosimetry, resulting in a unknown shift of the measured pore-size and porosity distributions towards 
smaller pore-sizes (Romero and Simms, 2008). 
2.3.2. BIB-SEM and FIB-SEM technologies: Advances and review of application on clayey 
materials 
Recent advances in broad and focused ion beam (BIB and FIB, respectively) milling tools (Alani, 
2004; Desbois et al., 2008; Holzer and Cantoni, 2012; Holzer et al., 2006, 2007; Langford et al., 2001; 
Matsuo and Adachi, 1982) have revolutionized the microstructural analysis of argillaceous materials. 
Either argon gas or more advanced, gallium liquid metal ion sources, with energies of the resulting ion 
currents, slightly higher than the bonding energies of the atoms, forming the analyzed material, are 
used to prepare high quality polished, damage-free cross-sections of µm² (FIB) to mm² or even cm² 
(BIB) size. Sample surfaces typically show topographies of less than 5 nm (Klaver et al., 2012). The 
resulting cross-sections are suitable for high resolution scanning or transmission electron microscopy 
(SEM/TEM), down to the nm-scale resolution, which are appropriate for microstructural analysis of 
clayey materials within representative elementary areas (REAs). The combination of ion-beam (FIB 
and BIB) milling tools with SEM/TEM enables the direct visualization and characterization of the 
pore space in argillaceous materials, down to the nm-scale resolution in 2D (BIB-SEM) and in 3D 
(FIB-SEM tomography). 
Focused and broad ion beam milling technologies were developed and are used since the beginning of 
the 1980s (e.g. by Matsuo and Adachi, 1982, for the reactive ion beam etching of mineral surfaces). 
The first focused ion beam (FIB) based instrument was commercially available from Gatan (Inc.) in 
1984. However, only recent progress has led to a wider use of FIB- and BIB-milling techniques, e.g. 
for the preparation of sample surfaces for microstructural analysis of biological and geological 
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materials, using high resolution TEM and SEM (Alani, 2004; Holzer and Cantoni, 2012; Holzer and 
Muench, 2007; Holzer and Münch, 2009; Holzer et al., 2006, 2007, 2010; Huang, 2004; Ishitani, 
2004; Langford and Petford-Long, 2001b; Langford et al., 2001; Langford and Petford-Long, 2001a; 
Munch et al., 2006). Ion-beam milling tools are moreover used industrially, e.g. during the quality 
assessment of food production. 
Still, comparatively few publications exist on the use of FIB- and BIB-SEM for the microstructural 
analysis of clay samples. Holzer et al. (2010) used cryo-FIB-SEM tomography to analyze the 
microstructure of hydrated bentonite samples in 3D, including cryo-stabilization of the pore water. 
They moreover, applied high pressure freezing and low temperature freeze-substitution, to stabilize the 
bentonite microstructures. To obtain continuous pore-size distributions and to access the connectivity 
of the pore space in 3D, they combined conventional SEM, cryo-SEM and FIB-SEM tomography on 
the cryo-stabilized bentonite samples. Moreover, they compared the results of high pressure freezing 
and low temperature freeze-substitution, to pore-size distributions obtained after conventional sample 
preparation, using oven- and freeze drying; and found that “high pressure freezing led to more reliable 
results” (Holzer et al., 2010). Loucks et al. (2009) combined argon ion-beam milling with scanning 
electron microscopy (SEM) to resolve pores down to about 5 nm in siliceous mudstones from the 
Mississippian Barnett Shale of the Fort Worth Basin (Texas, US), showing that pores are dominantly 
present in the nanometer scale range. Desbois et al. (2009a) used (cryo-) FIB- and BIB-SEM to 
analyze the morphology of the pore space and in particular frozen fluids in a Boom Clay sample from 
Mol (Belgium), collected at a depth between 5.82 to 5.98 meters above the HADES-URF (‘high 
activity disposal experimental site underground research facility’) and found characteristic pore space 
morphologies within the clay-matrix of the sample, as well as water inside the pores. Curtis et al. 
(2010) used FIB-SEM tomography to analyze and characterize the microstructure of gas shales from 
the U.S.; and Heath et al. (2011) combined FIB-SEM tomography with 3D image analysis to identify 
and classify pore networks in mudstones from different geological settings (i.e. different depositional 
environments), which are proposed as caprocks for subsurface CO2 storage in the U.S.. They gained 
information on the relative importance and impact of depositional environment, burial history and 
diagenesis on the developed pore network types, as well as the characteristic pore space properties. 
Moreover, they compared their results from direct microstructural analysis using FIB-SEM, to MIP 
data, to be able to evaluate the pore-throat size distributions, as well as the gas breakthrough pressures. 
Keller et al. (2011) used FIB-nano-tomography in combination with pore network skeletonization to 
build realistic 3D pore space models of Opalinus Clay (shaly facies) from the Mont-Terri rock 
laboratory (Switzerland) and moreover, included Nitrogen (N2) adsorption in the analysis, to receive 
information on the pore space connectivity regime below the resolution of FIB-SEM. Keller et al. 
(2013a) combined FIB-nano-tomography with TEM and X-ray µ-CT, to enlarge the range of resolved 
pore-sizes, enabling the analysis and characterization of pore space microstructures in a shaly facies 
2. Background 
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Opalinus clay sample from the Mont-Terri rock laboratory (Switzerland) at different levels of 
microstructural detail. Based on their results, a transition from the unconnected to connected pore 
space in Opalinus Clay was suggested at the scale of a few nm (Keller et al., 2013a). Furthermore, 
Keller et al. (2013a) proposed the coalescence of larger pores, in the range of a few µm, via the 
dilation of adjacent nanometer-scale pore tips, over several hundred nm distance, leading to the 
formation of a highly connected, percolating pore network in Opalinus Clay, potentially available for 
gas transport. Klaver et al. (2012) applied BIB-SEM to study the pore space morphology in an early 
mature Posidonia shale sample from the Hils area (Germany) and Klaver et al. (2015b) used cooled 
BIB-SEM after high pressure Wood’s metal injection (WMI), to analyze the pore space connectivity in 
fine-grained mudstones. They moreover compared their direct microstructural observations to results 
of indirect MIP analyses, to evaluate the impact of sample compression during MIP. Giffin et al. 
(2013) characterized the macro-pore morphologies in coal samples by using BIB-SEM. Houben et al. 
(2013) gained insights to pore space morphologies and porosity distribution in shaly facies Opalinus 
Clay samples from the Mont-Terri rock laboratory (Switzerland), using representative 2D BIB-SEM 
analyses. Houben et al. (2014b) compared microstructures in shaly and sandy facies Opalinus Clay 
(Mont-Terri rock laboratory, Switzerland), using SEM on representative elementary areas (REAs) of 
BIB cross-sections; and Houben et al. (2014a) combined FIB-SEM tomography with BIB-SEM and 
X-ray µ-CT, to visualize and analyze the microstructure of a shaly facies Opalinus Clay sample from 
the Mont-Terri rock laboratory (Switzerland) at different levels of resolution and thus microstructural 
detail and in 3D. Hemes et al. (2013) used 2D BIB-SEM to analyze the pore space in representative 
Boom Clay samples from the Mol-1 borehole (Belgium) and Hemes et al. (2015) used FIB-SEM 
tomography in combination with BIB-SEM, X-ray µ-CT and pore network extraction (PNE) modeling 
(Dong and Blunt, 2009), to characterize the pore space morphology and connectivity of a ‘HADES-
level’ Boom  Clay sample (Mol-1, Belgium) in 3D. Laurich et al. (2014) applied BIB-SEM, in 
combination with TEM, on FIB-SEM lamellae, to gain insights to the microstructural evolution of an 
incipient fault zone in Opalinus Clay samples from the main fault at the Mont-Terri underground 
research laboratory (Switzerland). And Ma et al. (2014) developed a node-bond pore-network flow 
model (PNFM), after SEM analyses on orthogonal BIB cross-sections of a shaly facies Opalinus clay 
sample (Mont-Terri rock laboratory, Switzerland). Desbois et al. (2013a) conducted first experiments 
using serial BIB cross-sectioning inside a SEM, in order to gain information on the pore space and 
microstructures in 3D, but resulted in a minimum slice thickness (i.e. resolution) insufficient for 3D 
pore space connectivity analysis, e.g. in fine-grained Boom Clay. 
In contrast, serial Ga
+
-FIB-SEM is a powerful tool to investigate 3D pore networks, down to a few 
nanometer resolution (Heath et al., 2011; Holzer and Cantoni, 2012; Houben et al., 2014a; Keller et 
al., 2011; Möbus and Inkson, 2007; Uchic et al., 2011; Yao and Liu, 2012). However, maximum 
sample volumes from Ga
+
-FIB-SEM are only several hundred µm
3
 in size, limiting the volumes 
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available for 3D pore space analysis. Representative volume element (RVE) calculations (Houben et 
al., 2014b; Keller et al., 2013b) have shown that these sizes are not sufficient to cover typical RVEs, 
with respect to varying porosities and porosity distributions in fine-grained, clayey materials. 
Therefore, to gain representative results, Ga
+
-FIB-SEM is required on several sample volumes. 
Furthermore, without additional information on larger scale sample characteristics, including the 
distribution of porosity and of different mineral phases within the sample, Ga
+
-FIB-SEM is “blind” in 
choosing relevant spots for high-resolution 3D pore space analysis (Desbois et al., 2013b). A 
combination of FIB-SEM tomography with previous X-ray µ-CT and BIB-SEM is suggested, to gain a 
full view of the sample microstructures, governing the distribution of porosity within a sample, as well 
as to analyze characteristic pore space morphologies and the connectivity of the pore space. 
In the present study (chapter 5; Hemes et al., 2015), this approach was used to cover RVEs and gain a 
full view of the 3D pore space characteristics and connectivity of the pore space in a fine-grained 
Boom Clay sample from the level of depth of the HADES-URF (Mol-1, Belgium). Moreover, a 
combination of the resulting segmented porosities with pore network extraction (PNE) modeling, after 
Silin and Patzek (2006, 2003), Al-Kharusi and Blunt (2007), Dong and Blunt (2009), as well as Blunt 
et al. (2013), was used to discriminate between pore bodies and pore throats. This provides pore throat 
size distributions and further information on the connectivity of the pore space, which are relevant for 
the evaluation of the material with respect to radionuclides transport. 
Extracted 3D pore networks illustrate the connectivity of the pore space and inferred pore throat-size 
distributions can be used as input for modelling of effective bulk sample physical properties, such as 
permeability, electrical resistivity and diffusivity (Blunt et al., 2013; Dvorkin et al., 2011). Numerical 
modeling of further radionuclide transport relevant processes, such as single and multi-phase fluid 
flow, as well as diffusive transport, should help in evaluating the performance of the material as a 
potential host rock formation for the deep-geological disposal of radioactive waste. 
The above summary shows that the application of broad- and focused-ion beam milling techniques 
(BIB and FIB) is suitable to prepare sample surfaces for high resolution SEM and TEM, to visualize, 
and directly analyze, as well as characterize the pore space in fine-grained, argillaceous materials, 
down to the nm-scale resolution, in 2D and in 3D. 
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3. Samples investigated in the present study 
In Belgium, two argillaceous formations are being considered and investigated as potential host rock 
materials for the deep geological disposal of radioactive waste. These are the Rupelian (Oligocene) 
Boom Clay and the Ypresian clays, which are part of the Eocene Ieper Group (Kortrijk Formation and 
Kortemark Member; Van Marcke et al., 2005). The samples investigated in the present study originate 
from reference locations in Mol-Dessel (Belgium, ON-Mol-1 borehole) for the Boom Clay and Kallo 
(Belgium, ON-Kallo-1 borehole) for the Ypresian clays. 
3.1. The Boom Clay 
The main research in the present study was focused on the Boom Clay – with all samples investigated 
originating from the ON-Mol-1 borehole (1997), at the Mol-Dessel research site for radioactive waste 
disposal (Belgium). 
3.1.1. Lithostratigraphic description 
The Boom Clay is an argillaceous formation, which is part of the Rupelian (lower Oligocene, Tertiary) 
stage, and was deposited ~ 33.9-28.4 Ma years ago, in an marine, open shelf-sea environment of 
moderate depths (between 50-100 meters), under sub-tropical climatic conditions (Vandenberghe, 
1978a, 1978b; Vandenberghe and Mertens, 2013; Vandenberghe et al., 1997, 2014). The formation 
consists of a vertical, rhythmic alternation between more silt- (“clayey silt”) and more clay-rich (“silty 
clay”) layers, represented by variations in the grain-size of the material. Moreover, the “silty clay” 
layers contain relatively more clay minerals, whereas the “clayey silt” layers contain relatively more 
quartz. This alternation is visible in the surface outcrops by a slight difference in the color of the 
material (i.e. darker clay-rich bands vs. brighter quartz-rich material). Besides the variations in grain-
size, clay and quartz content, variations in organic matter and carbonate contents exist. Organic matter 
rich bands are represented by the so called “black layers”, systematically occurring at the base of a 
clay-rich layer, but already starting at the top of the silty layer below (M. De Craen, SCK-CEN, 
personal communication, January 21, 2015). Therefore, a relation between the cyclicity of the grain-
size variations and the organic matter content exists. On the contrary, carbonate-rich layers, which are 
represented by thin, whitish, so called “marly horizons”, occur throughout the entire formation, both in 
the more clay-rich, as well as the more quartz-rich layers. Within these layers, no systematics could be 
detected in the position of the “marly horizons”, since they may occur at the center (most often), at the 
top, or at the base of a layer and therefore, no correlation was found between the systematic grain-size 
variations and variations in carbonate content (M. De Craen, SCK-CEN, personal communication, 
January 21, 2015). Further characteristics of the “marly horizons” are the so-called ‘Septaria 
concretions’. The Boom Clay Formation is further sub-divided into four main members, which are 
from bottom to top: the ‘Belsele-Waas’, the ‘Terhagen’, the ‘Putte’ and the ‘Boeretang Member’ 
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(Mertens et al., 2003; Vandenberghe, 1978a, 1978b, 1998; Figure 3.2). The most silt-rich layers occur 
at the base (i.e. ‘Belsele Waas’), as well as at the top of the Boom Clay Formation – in the upper part 
of the ‘Boeretang Member’ (ONDRAF/NIRAS, 2001a). The ‘Boeretang Member’ is in general much 
more coarse-grained than typical Boom Clay and its uppermost part consists nearly entirely of silty to 
sandy layers (Figure 3.2). Very fine-grained, clay- and organic matter rich, dark bands are 
characteristic of the ‘Putte Member’, whereas brighter and more carbonate-rich bands are found 
throughout the entire formation; the thickness of the single beds is usually around several tenths of 
centimeters. The overall grain-size variations in the Boom Clay are interpreted to reflect a combination 
of climate changes (i.e. ‘Milanchovich cycles’), eustasy (i.e. uniform worldwide sea level changes) 
and tectonics; during the deposition of the clay in a marine basin of moderate depth 
(ONDRAF/NIRAS, 2001a; Vandenberghe, 1998; Vandenberghe et al., 1997). The rhythmic variations 
in grain-size (i.e. alternation between more silt- and more clay-rich layers), as well as the clay and 
organic matter contents, are interpreted to correspond to cyclic variations in wave-activity, as a result 
of climatic sea-level changes (i.e. ‘Milanchovich Cycles’). Superimposed is another variation in grain-
size, as a result of eustasy; represented by an overall fining upwards from the bottom of the Boom 
Clay Formation to the so called “pink” (reddish to brownish; ‘R’) horizon, at ~ 268 meters BDT 
(Figure 3.2), followed by an overall coarsening upwards to the so called “double band” (‘DB’), 
occurring at ~ 259 meters BDT – at the base of the ‘Putte Member’. The double band describes the 
two most coarse-grained silt layers within the ‘Putte Member’, which is in general more fine-grained 
and clay-rich. Due to the higher silt content, the ‘double band’ presents a zone of potential higher 
permeability and pore-water mobility (De Craen et al., 2000). Above the ‘double band’ exists another 
fining upwards trend, up to bed ‘S60’ (at ~ 252 meters BDT; Figure 3.2), followed again by a 
progressive coarsening upward to the top of the Boom Clay Formation (~ 190 meters BDT; Figure 3.2; 
Vandenberghe and Van Echelpoel, 1987; Vandenberghe et al., 2014; M. De Craen, SCK-CEN, 
personal communication, January 21, 2015). “The horizons ‘R’, ‘DB’ and ‘S60’ are defined as key 
horizons in the sequence stratigraphy of the Boom Clay Formation and represent a 400 ka cyclicity” 
(M. De Craen, SCK-CEN, personal communication, January 21, 2015). 
3.1.2. Boom Clay mineralogy 
The Boom Clay shows a very homogeneous qualitative mineralogical composition, with only 
quantitative variations in the concentrations of the different mineral phases (ONDRAF/NIRAS, 
2001a). The clay fraction consist mainly of illite, smectite (i.e. montmorillonite) and random mixed 
layers of illite-smectite, with smaller amounts of kaolinite and a few percentage of chlorite present 
(Vandenberghe and Mertens, 2013; Zeelmaekers, 2011). The relative amounts of the different clay 
minerals vary, as does their overall sum. The total clay mineral content is usually between 30-70 dry 
wt.-% of the bulk, with an average ~ 55 dry wt.-% (ONDRAF/NIRAS, 2001a). The most important 
non-clay mineral phases are, in order of decreasing occurrence, quartz (~ 20-60 dry wt.-%), feldspars 
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(~ 5-10 dry wt.-%), carbonates (mostly calcite: between 1-5 dry wt.-%), pyrite (~ 1-5 dry wt.-%) and 
organic matter (~ 1-5 dry wt. - %). Moreover, < 1 dry wt.-% of authigenic glauconite, gypsum, apatite, 
siderite and titanium oxide minerals (i.e. anatase and rutile) are present (Bernier et al., 1997; Decleer 
et al., 1983; Griffault et al., 1996; Laenen, 1997; Merceron, 1994; ONDRAF/NIRAS, 2001a; 
Vandenberghe, 1978a, 1978b; Vandenberghe et al., 1997). The clay mineralogical composition of the 
Boom Clay consists mostly of 2:1 clays; together accounting for between 22-56 dry wt.-% of the clay 
fraction. They are composed of varying amounts of illite (between 5-18 dry wt.-%), smectites (i.e. 
montmorillonite: ~ 7-24 dry wt.-%) and illite-smectite mixed layer clays (~ 7-23 dry wt. - %). 
Moreover, about 10-15 dry wt.-% kaolinite and a few percentage of chlorite (~ 1-4 dry wt.-%) are 
usually found (Vandenberghe et al., 2014). The Boom Clay pore water content varies between 18-24 
dry wt.-% (De Craen et al., 2004a; Merceron, 1994) and between 17-23 dry wt.-% at the Mol-1 
borehole (De Craen et al., 2004b), from which all of the Boom Clay samples analyzed in the present 
study originate. Most up to date geochemical data available on the Boom Clay pore water composition 
is from De Craen et al. (2004a). 
3.1.3. Boom Clay occurrence 
The Boom Clay is located at depths between 0-400 meters underneath most of northeastern Belgium 
(‘Campine basin’) and continues at greater depth (> 400 meters) underneath the southwestern part of 
the Netherlands and the North Sea Basin (Vandenberghe, 1978a, 1978b; Vandenberghe and Van 
Echelpoel, 1987; Figure 3.1). As a result of fault activity, parts of the formation can be found at even 
greater depth (> 1 km) in some areas of the ‘Roermond Graben’ (SE-Netherlands to NE-Belgium; 
ONDRAF/NIRAS, 2001a; Vandenberghe and Van Echelpoel, 1987; Vandenberghe et al., 2014). At 
Mol-Dessel, the Boom Clay Formation is located at depths between 160 to 270 meters (TAW) and 
shows a thickness of about 110 meters. Figure 3.1 illustrates the occurrence of the Boom Clay 
Formation in NE-Belgium, including the depth of the base of the formation (TAW), as well as its 
thickness (ONDRAF/NIRAS, 2011; Vandenberghe and Van Echelpoel, 1987). The formation dips 
gently (~ 1-2°) towards NE-NNE and its thickness increases from only a few decimeters (max. 30-80 
meters) at the surface-outcrops, to more than 150 meters underneath the North Sea Basin 
(ONDRAF/NIRAS, 2001a, 2011; Vandenberghe, 1978a, 1978b; Vandenberghe and Van Echelpoel, 
1987). Outcrops of the Boom Clay can be found in a line from Terneuzen in the Netherlands, via Sint 
Niklaas (Belgium), until Heist-op-den-Berg/Booischot (Belgium), north of the ‘Durme’, ‘Rupel’ and 
‘Dyle’ rivers, as well as in a line from the area around Leuven (Belgium), via Diest and Halen 
(Belgium), towards Hasselt (Belgium; ONDRAF/NIRAS, 2001a; Figure 3.1). Sample depths of origin 
are usually given in meters below the drilling table (m BDT), with the reference (zero) being the top of 
the drilling platform (Aertsens et al., 2010a). These depths can be converted to TAW by subtracting 
the depth of sample origin in meters below the drilling table (m BDT) from the height of the drilling 
table with respect to TAW. 
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Figure 3.1: The Boom Clay Formation in NE-Belgium, showing the depths of the base of the formation in 
TAW (‘tweede algemene waterpassing’3), as well as the thickness of the deposits. The figure is from 
Vandenberghe and Van Echelpoel (1987), modified by ONDRAF/NIRAS (2001a). 
3.2. The Ypresian clays 
3.2.1. Lithostratigraphic description 
The Ypresian clays are part of the Eocene Ieper Group sediments, deposited predominantly in marine 
environments during the first stage of the Eocene – the ‘Ypresian’ – comprising a period of time 
between 55 to 49 Ma ago (ONDRAF/NIRAS, 2001a; Steurbaut, 1998). Underlying the marine 
deposits are the continental ‘Landen Group’ sediments (‘Thanetian’, Late Paleocene) and overlying 
the clays are the sandy deposits of the ‘Zenne Group’ (‘Lutetian’, Middle Eocene; Van Adrichem 
Boogaert and Kouwe, 1994; Laga et al., 2001; Steurbaut, 1998). Based on the fining and coarsening 
grain-size trends, as derived from gamma ray logs, the Ieper Group sediments are further subdivided 
into the ‘Kortrijk Formation’, the ‘Tielt Formation’ and the ‘Gentbrugge Formation’ (Vandenberghe, 
1998; Vandenberghe et al., 2004). The Kortrijk Formation consists mainly of marine clays and occurs 
in the West and North of Belgium. The Tielt Formation is predominantly composed of fine sands and 
                                                     
 
3 In Belgium, the reference level for comparing heights is the average horizontal water level of low tide at Oostende, referred 
to as TAW (‘tweede algemene waterpassing’), meaning the “second general levelling of 1948” (Jones, 1949). This reference 
level is about 2.33 meters lower than the reference Geoid (Labat, 2011). Although TAW is a term only used in Belgium, it 
will be used in the present contribution, as the reference level for comparing heights, since basically all literature on the 
Boom Clay and the Ypresian clays uses this reference. 
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occurs in the subsurface of Western and Central Belgium and The Gentbrugge Formation shows an 
alternation of clay, silt and fine sands; and outcrops in East and West Flanders (Laga et al., 2001). 
The Ypresian clays comprise the clayey deposits of the Kortrijk Formation and the clay-rich silts of 
the lower part of the Tielt Formation, referred to as the ‘Kortemark Member’, which were both 
deposited during the early to middle Ypresian (Van Marcke et al., 2005). The Kortrijk Formation can 
be further subdivided into three stratigraphic units, which are from bottom to top: the ‘Orchies (or St. 
Maur) Member’, the ‘Roubaix (or Moen) Member’ and the ‘Aalbeke Clay’. The Orchies Member is, 
with an average thickness of ~ 30 meters, the thickest deposit of the Kortrijk Formation. The Roubaix 
Member consists of a very heterogeneous complex of clay, silt and very fine sands, with several shell 
and glauconite-rich layers interposed. And the Aalbeke Clay, at the top of the Kortrijk Formation, is 
very homogeneous, with nearly no sand-sized material present (Van Marcke et al., 2005). 
Similar to the Boom Clay Formation, the Ypresian clays consist mainly of an alternation between 
more clay- and more silt-rich layers, with the grain-size distribution varying according to this (Van 
Marcke et al., 2005). In general, the Ypresian clays show three different grain-size populations, which 
are: a clay population (< 2 µm in grain diameter), a silt to very-fine sand population (2-63 µm grain 
diameters) and a population in the very fine to fine sand range (63-250 µm grain diameters; Van 
Marcke et al., 2005). The first two populations are found throughout the entire stratigraphic sequence, 
whereas a significant contribution of the very fine to fine sand population occurs only in the coarse-
grained samples from the base of the Kortrijk Formation and from the Kortemark Silt (Van Marcke et 
al., 2005). The Aalbeke Clay and the Orchies Member are considered as very homogeneous, with 
regard to their mineralogical composition and grain-size distribution, whereas the Roubaix Member is 
much more heterogeneous. A detailed description of the depositional history of the Ypresian clays can 
be found in Vandenberghe (1998, 2001), Geets (1998) and Vandenberghe et al. (1988); and a detailed 
sequence stratigraphic interpretation of the leper Group in Vandenberghe (1998). 
3.2.2. Mineralogical characterization of the Ypresian clays 
Results of quantitative mineralogical analyses on the Ypresian clays are mostly from the Doel-1 
drilling (1998) and presented in Van Marcke et al. (2005), comprising X-ray diffraction (XRD) and 
Fourier Transform infrared (FT-IR) analyses, as well as results of several wireline loggings, to receive 
continuous mineralogical data. The results suggest that from a mineralogical point of view, the main 
difference between the Boom Clay and the Ypresian clays is the much higher content of smectites in 
the Ypresian clays. Within the Boom Clay Formation, smectites contribute to only about 20 dry wt.-% 
of the clay fraction (on average), whereas the deposits of the Ypresian clays show up to ~ 60 dry wt.-
% smectites in their < 2 µm clay fractions. For the samples analyzed in the present study, smectite 
concentrations between 35 to 48 dry wt.-% were measured for the Boom Clay, and between 32-69 dry 
wt.-% of the < 2 µm clay fractions, for the Ypresian clays (section 6.2.2). 
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XRD analysis on the Ypresian clays shows a concentration of smectites in the < 2 µm clay-fractions of 
the material, whereas illite is dominant in the silt-fractions (Van Marcke et al., 2005). The higher 
smectite contents moreover, result in a higher swell-shrink capacity of the Ypresian clays. Nearly no 
kaolinite is found in the Ypresian clays, with significant contributions only occurring in the lowest part 
of the Orchies member, where about 10 dry wt.-% of kaolinite may be measured by XRD and ELAN 
(Schlumberger, 2013) analyses (Van Marcke et al., 2005). Results of XRD analyses on the Ypresian 
clays in this contribution (chapter 6.2.2), substantiate these results, by showing a significant 
contribution of kaolinite to the clay fraction, of ~ 14 dry wt.-%, only in sample 108a, originating from 
the Orchies Member, whereas all other samples investigated show less than 1 dry wt.-% kaolinite in 
their < 2 µm clay fractions (Table 6.3; section 6.2.2; ‘Qmineral analysis and consulting’, 2014). 
Another important difference between the Boom Clay and the Ypresian clays is their pore water 
composition and in particular the chloride content of the pore water, which is approximately a factor of 
1,000-times higher for the Ypresian clays (Van Marcke et al., 2005). However, the pore water 
composition is not only related to the clays’ composition, but also to the location of origin of the 
material. For example, at the Mol-1 borehole, the Boom Clay contains typically ‘NaHCO3-type’ pore 
water, whereas towards the North and Northwest, the pore water composition changes gradually 
towards a ‘HCO3-SO4-Cl-type’ pore water and e.g. at the Essen-1 borehole, which is about 50 km 
northwest of the Mol-site, the pore water has changed to a ‘NaCl- (diluted seawater) type’. 
3.2.3. Occurrence of the Ypresian clays 
The Ypresian clays are found underneath nearly entire Belgium, parts of France, as well as very small 
areas of the Netherlands, at depths ranging from the surface to ~ 650 meters (below TAW). The 
deposits dip with a very shallow angle towards the North to North-Northeast (Van Marcke et al., 
2005). The thickness of the Ypresian clays varies between 50 meters in the most southern parts, up to 
~ 150 meters in the most northern regions. At the Doel nuclear zone, the Ypresian clays are located at 
depths between -411 to -331 meters (TAW) and thus have a thickness of about 80 meters. At the 
Kallo-site the Ypresian clays occur between 401 to 289 m depth and are dipping to the North-
Northeast. The Kallo site is situated ~ 5 km south of the Doel site (ONDRAF/NIRAS, 2013b). The 
geographic situation of the Ypresian clays is described in more detail in Van Marcke et al. (2005), 
mostly from Steurbaut and Nolf (1986), Vandenberghe (1998) and Vandenberghe et al. (1990). 
3.3. Research on the Boom Clay and the Ypresian clays in Belgium 
Since 1974, the Boom Clay Formation is being intensively investigated as a reference and potential 
host rock material for the deep geological disposal of high- and medium-level, long-lived radioactive 
waste in Belgium. The main research is carried out by SCK-CEN – the Belgian Nuclear Research 
Centre – with the Mol-Dessel nuclear zone being the main area for development and demonstration 
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studies (Van Marcke et al., 2005). In 1980, SCK-CEN initiated the construction of an underground 
research laboratory – HADES-URF (‘High Activity Disposal Experimental Site Underground 
Research Facility’) – within the Boom Clay Formation, located at ~ 225 meters below the Mol-Dessel 
research site, where most of the in-situ geochemical, geomechanical and hydrogeological experiments 
on the Boom Clay are being carried out. In 2007, the excavation of the PRACLAY (‘preliminary 
demonstration test for clay disposal of highly radioactive waste’) gallery started, which is located 
perpendicular to the main gallery of the HADES-URF, reaching a depth of ~ 230 meters (TAW). The 
aim of PRACLAY is to investigate the damage, induced by the excavation of a repository facility in 
the Boom Clay. Moreover, the effects of heat, which is going to be generated from the radioactive 
waste for more than hundreds to hundreds of thousands of years, on the Boom Clay properties, should 
be analyzed and later on modelled (ONDRAF/NIRAS, 2011). The Mol-Dessel research site, including 
the HADES-URF, with the PRACLAY gallery; as well as the Mol-1 borehole, from which all of the 
Boom Clay samples investigated in the present study originate, is the main research-site for the Boom 
Clay. 
The Boom Clay has been extensively characterized with respect to its physical and chemical 
properties, as well as its solid-phase mineralogy. For this, mainly XRD (Decleer et al., 1983; Laenen, 
1997; Vandenberghe, 1974, 1978a, 1978b; Zeelmaekers, 2011), Fourier Transform Infrared 
Spectroscopy (FT-IR) (FUNMIG/EURATOM, 2008; Wouters et al., 1999), thermal gravimetric 
analysis (FUNMIG/EURATOM, 2008), surface area (Baeyens et al., 1985; Honty et al., 2010) and 
cation-exchange capacity measurements (Baeyens et al., 1985; Griffault et al., 1996; Honty et al., 
2010) were used. Moreover, atomic absorption and emission spectroscopy (AAS/AES), X-ray 
fluorescence, inductively coupled plasma-mass spectrometry (ICP-MS) and instrumental neutron 
activation analysis (INAA) were applied for elemental analyses (De Craen et al., 2000; Decleer and 
Viaene, 1993; Decleer et al., 1983; Laenen, 1997; Vandenberghe et al., 1997; Zeelmaekers, 2011). The 
effects of temperature increase on the hydro-mechanical properties of sheared Boom clay samples 
have been studied by Monfared et al. (2012), using an axis-symmetrical, tri-axial loading setup during 
heating of re-saturated Boom Clay samples. Imaging of Boom Clay microstructures, including 
conventional SEM, X-ray µ-CT and transmission electron microscopy (TEM), was carried out by Al-
Mukhtar et al. (1996), Baeyens et al. (1985), De Craen et al. (1999) and Van Geet et al. (2008). 
Since the late 1990s, the Ypresian clays are considered and investigated as an alternative solution to 
the Boom Clay, with the Doel-nuclear-zone (province of Antwerp) being the reference site for 
research, methodological studies and assessment of the Ypresian clays (Van Marcke et al., 2005; 
ONDRAF/NIRAS, 2001a). In 1997 and 1998 ONDRAF/NIRAS drilled a series of boreholes near the 
Doel-nuclear power station, with the aim of taking undisturbed samples of the Ypresian clays and 
from the overlying, as well as the underlying formations (Van Marcke et al., 2005; ONDRAF/NIRAS, 
2001a). Moreover, an extensive program of wire line logging was carried out; pulse tests were 
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performed and piezometers installed. The results of this research are published in SAFIR 2 
(ONDRAF/NIRAS, 2001a). The Boom Clay and the Ypresian clays are thus very well characterized 
with regard to their geological and mineralogical properties. Complete overviews of the most relevant 
research outcomes on the Boom Clay are given in ONDRAF/NIRAS (2001a), Cornélis (2001), Gens 
et al. (2003) and Vandenberghe et al. (2014). For the Ypresian clays, a good overview of the most 
relevant properties, as well as a first comparison to the Boom Clay – with respect to a potential 
construction of a long-term repository for radioactive waste in either one of the formations – is 
presented in Van Marcke et al. (2005). For more details concerning stratigraphy, see Van den Bosch 
and Hager (1984), as well as Marechal and Laga (1988) for the Boom Clay; and Laga et al. (2003), 
Steurbaut (1998), Van Adrichem Boogaert and Kouwe (1994), King (1990), Steurbaut and Nolf 
(1986) and Vandenberghe et al. (1988) for the Ypresian clays. For structural data and tectonic settings, 
see Demyttenaere (1988), Langenaeker (1998) and Pissart and Lambot (1989) for the Boom Clay; and 
Verschuren (1992) for the Ypresian clays. For mineralogical and chemical compositions, a good 
summary is given in ONDRAF/NIRAS (2001a) for the Boom Clay; and Mercier-Castiaux and Dupuis 
(1988), as well as Walraevens and Mahauden (1998) for the Ypresian clays. Mineralogical 
compositions of the Ypresian clays are also summarized in Van Marcke et al. (2005). 
3.4. General comparison between the Boom Clay and the Ypresian clays 
The Boom Clay Formation and the deposits of the Ypresian clays are both composed of alternating, 
decimeter-thick layers of more clay and more silt-rich beds, with an overall homogeneous qualitative 
mineralogical composition, but quantitative variations in the clay vs. non-clay mineral contents, as 
well as the mineralogical compositions of the clay and non-clay mineral fractions. Also the grain-size 
distributions of the different layers range from very fine-grained, clayey material to rather coarse-
grained, silt-rich deposits. The Ypresian clays show higher variations in their clay vs. silt contents, 
than the Boom Clay; both laterally, as well as vertically. Whereas in North-Western Belgium, the 
Ypresian clays are very clay-rich, in the Campine Basin they are mostly sandy. Thus, a potential 
disposal site for radioactive waste within the Ypresian clays could only be located in the north-western 
part of Belgium, where the deposits show geological, geochemical and geomechanical properties 
similar to the Boom Clay Formation (ONDRAF/NIRAS, 2011). Due to their significantly higher 
smectite contents, the Ypresian clays exhibit a higher swell-shrink capacity, compared to the Boom 
Clay, which provides a potential disadvantage with respect to the excavation of an underground 
disposal site (Van Marcke et al., 2005). The pore water composition of the Ypresian clays is very salt-
rich, which could lead to the corrosion of metallic engineered barriers, and moreover, have a negative 
influence on the migration of radionuclides and other chemical contaminants in the material 
(ONDRAF/NIRAS, 2011). However, the Ypresian clays also show several characteristics in favor 
over the Boom Clay, with respect to anticipated radioactive waste disposal within the materials, 
including their occurrence at greater depths at certain locations, as well as their sometimes higher clay 
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content, resulting in a higher retention capacity for radionuclides and other chemical contaminants, 
due to higher cation exchange capacities (CECs). Moreover, the Ypresian clays sometimes show better 
self-sealing properties, resulting from the higher plasticity of the material. The Ypresian clays are 
surrounded by saline aquifers and overlain by clayey formations, which could suite as additional 
natural barriers for radionuclide transport, whereas below and above the Boom Clay Formation sandy 
aquifers are present, providing zones of higher pore water mobility and increased permeability and 
thus an enhanced risk (ONDRAF/NIRAS, 2011). Moreover, the Neogene aquifer, located above the 
Boom Clay Formation, is used as a main source of drinking water, presenting an additional problem. 
3.5. Samples investigated in the present study 
In the present study, the aim was to analyze the pore space at the nm-scale resolution in representative 
samples of the Boom Clay and the Ypresian clays, covering end members with regard to mineralogical 
compositions and grain-size distributions of the two materials. Samples chosen of the Boom Clay 
originate from the Mol-1 borehole at the Mol-Dessel research site (Belgium) and are part of the ‘EZE’ 
(Edwin Zeelmaekers, 2011) sample series. Samples chosen of the Ypresian clays are part of different 
sub-members of the Kortrijk Formation and the Kortemark Member and cover a wide range of 
mineralogical compositions and grain-size distributions of the Ypresian clays at Kallo-1 (Belgium). 
3.5.1. Boom Clay samples investigated in the present study 
In the present study, four different samples of the Boom Clay Formation were investigated in detail. 
All samples originate from the Mol-1 (1997) borehole at the Mol-Dessel research site for radioactive 
waste disposal (Belgium; Figure 3.2) and are part of the ‘EZE’ (Zeelmaekers, 2011) sample series. 
The samples were provided by SCK-CEN and were chosen to be representative of fine-grained, clay-
rich, as well as coarse-grained, non-clay mineral rich end member material of the ‘EZE’ (Edwin 
Zeelmaekers, 2011) sample series. Increasing in depth of origin, the analyzed samples are referred to 
as: ON-Mol-1-168 (EZE52), ON-Mol-1-184 (EZE54), ON-Mol-1-196 (EZE55) and ON-Mol-1-253 
(EZE64). The main characteristics of the samples are summarized in Table 4.1. A stratigraphic 
column, indicating their depths of origin, their median grain-diameters [µm], as well as their clay 
contents [dry wt.-%] is shown in Figure 4.1 (chapter 4; section 4.2.1). Mineralogical data are based on 
XRD and bulk rock analyses from Zeelmaekers (2011) and grain-size distributions were measured by 
SCK-CEN at KU Leuven, using a ‘Micromeritics SediGraph5100’ analyzer (see section 4.2.1). 
In detail, sample ON-Mol-1-168 (EZE52) originates from a depth between 197.1 to 197.4 meters of 
the Mol-1 borehole, corresponding to ~ -168 meters TAW (core number 48c, bed 114; Figure 3.2). 
The sample is part of the ‘Boeretang Member’ and contains more than 66 dry wt.-% non-clay minerals 
and only ~ 34 dry wt.-% clay minerals. It is therefore, an example of “clayey silt”. The median grain 
diameter of the sample is 31.1 µm and the sample is referred to as coarse-grained in the present study. 
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Sample ON-Mol-1-184 (EZE54) originates from a depth of ~ 213.6 to 213.9 meters of the Mol-1 
borehole (-184 meters TAW; core 65(c), section c2, bed 100; Figure 3.2), located at the base of the 
‘Boeretang Member’. The sample contains more than 60 dry wt.-% clay-minerals and is the clay-
richest of the Boom Clay samples analyzed in the present study. Within the ‘Boeretang Member’, only 
the lowest part contains a significant amount of clay-rich material, whereas from bed 103 upwards the 
material becomes very silty to sandy (Figure 3.2). The non-clay mineral content of sample ON-Mol-1-
184 is accordingly less than 40 dry wt.-percent and with a median grain diameter of only 1.4 µm, the 
sample is referred to as very fine-grained in the present study. 
Sample ON-Mol-1-196 (EZE55) is part of the ‘Putte Member’, originating from a depth of ~ 225.5 to 
225.7 meters of the Mol-1 borehole (-196 meters TAW; core 77 (c122), section c2, bed 90; Figure 
3.2). This depth corresponds to the level of the HADES underground research facility (URF) at the 
Mol-Dessel research site and this reference sample was analyzed most extensively in the present study. 
The 3D pore space analysis (chapter 5) and the Wood’s metal injection (chapter 7) were carried out on 
this reference sample. The sample contains about 50 dry wt.-% clay minerals and ~ 50 dry wt.-% non-
clay minerals and is with a median grain-diameter of ~ 1.4 µm also referred to as fine-grained. 
Sample ON-Mol-1-253 (EZE64) originates from the bottom-member of the Boom Clay Formation, the 
‘Belsele-Waas’, from a depth of ~ 282.1 to 282.3 meters (BDT), corresponding to - 253 meters TAW 
(core number 134, section c22, bed 5; Figure 3.2). The sample contains ~ 72 dry wt.-% non-clay 
minerals and ~ 28 dry wt.-% clay. It is thus the clay-poorest and most NCM-rich sample analyzed in 
the present study. The sample shows a median grain diameter of ~ 15.6 µm, but contains a significant 
amount of silt and even fine sand-sized material (> 63 µm grain diameter, after ISO 14688-1:2002, 
ISO.org, 2013; Figure 4.2). The sample is therefore, referred to as very coarse-grained in the present 
study. This sample was moreover, used for the high pressure Wood’s metal injection (chapter 7), since 
the highest chance of entering a large part of the sample’s pore space was expected for this Boom Clay 
sample. 
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Figure 3.2: Stratigraphy of the Boom Clay Formation at the Mol-Dessel research site (Mol-1 borehole, 
Belgium). The figure is modified from the ‘National Stratigraphic Commission of Belgium’ (ncs), after 
Vandenberghe and Wouters (2011) and Vandenberghe et al. (2014). The height of the drilling table at 
Mol-1 is +29.73 meters TAW. Originally published in: Vandenberghe, N., De Craen, M., and Wouters, L. 
(2014). The Boom Clay Geology from sedimentation to present-day occurrence - a review. Mem. Geol. 
Surv. Belgium No. 60, 76. 
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3.5.2. Ypresian clay samples analyzed in the present study 
In the present study, six Ypresian clay samples, originating from the Kallo-1 (2008) borehole, from 
depths between -287.5 to -386.5 meters TAW, within the ‘Kortemark Member’ and ‘Kortrijk 
Formation’, were analyzed. Among these are two fine-grained, clay-rich samples (ON-Kallo-1-108-a1 
and ON-Kallo-1-045-a1), one sample of intermediate grain-size (ON-Kallo-1-020-a1) and three 
coarse-grained, non-clay mineral (NCM) rich samples (ON-Kallo-1-008-a1, ON-Kallo-1-060-a1 and 
ON-Kallo-1-086-c1). Samples ON-Kallo-1-108-a1 and ON-Kallo-1-045-a1 contain between 63 (108a) 
and 70.9 (45a) dry wt.-% clay minerals and are from depths of ~ 395 m BDT (-386.5 TAW, sample 
108a) and 333 meters BDT (-324.5 TAW, sample 45a), respectively (Figure 3.3). Sample ON-Kallo-1-
020-a1 shows a clay content of 69.3 dry wt.-% and is from a depth of ~ 308 m BDT (- 299.5 TAW; 
Figure 3.3). The samples ON-Kallo-1-008-a1, ON-Kallo-1-060-a1 and ON-Kallo-1-086-c1 contain 
between 43.6 (sample 86c), 49 (sample 60a) and 70.5 (sample 8a) dry wt.-% non-clay minerals 
(section 6.2.2; Table 6.2) and originate from depths of about 296 m BDT (- 287.5 TAW, sample 8a), 
347.5 m BDT (-339 TAW, sample 60a) and ~ 373 m BDT (-364.5 TAW, sample 86c) of the Kallo-1 
borehole, respectively (Figure 3.3). Figure 3.3 shows the depths of origin of the Ypresian clay samples 
analyzed in meters BDT and TAW; together with the lithology of the Ypresian clays at Kallo-1, as 
well as some mineralogical data and geophysical gamma ray and resistivity logs; the figure is modified 
from Mohammad (2009). The samples were chosen from the Kallo-1 borehole, due to the more recent 
drilling at Kallo in 2008, instead of 1998 in Doel. Therefore, less damage or alteration of the sample 
cores and microstructures (e.g. from storage or potential drying) were expected. 
Samples were chosen, sub-sampled and vacuum-repacked by ONDRAF/NIRAS (2013b) and a first 
description of the sample cores was given (section 6.2.1). Bulk mineralogical and detailed clay 
fraction XRD analyses were carried out by ‘Qmineral analysis and consulting’ (Heverlee, Belgium, 2014) 
and the results of these analyses are summarized in section 6.2.2 (Tables 6.2 and 6.3; Figure 6.1) of 
this document. 
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Figure 3.3: Stratigraphy, lithology, depths of sample origin [m BDT and TAW], as well as some 
mineralogical data and geophysical gamma ray and resistivity logs of the Ypresian clay samples 
investigated in the present study (figure modified from Mohammad, 2009). 
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4. Variations in the morphology of porosity in the Boom Clay 
Formation: insights from 2D high resolution BIB-SEM imaging and 
Mercury injection Porosimetry
4
 
 
Abstract 
Boom Clay is considered as one of the potential host rocks for the disposal of high level and/or long 
lived radioactive waste in a geological formation in Belgium (Mol study site, Mol-1 borehole) and the 
Netherlands. The direct characterization of the pore space is essential to help understand the transport 
properties of radionuclides in argillaceous materials. This contribution aims to characterize and 
compare the morphology of the pore space in different Boom Clay samples, representing end-
members with regard to mineralogy (i.e. clay content) and grain-size distribution of this formation. 
Broad ion beam (BIB) cross-sectioning is combined with SEM imaging of porosity and Mercury 
Intrusion Porosimetry (MIP) to characterize the variability of the pore space in Boom Clay at the nm- 
to µm-scale within representative 2D areas and to relate microstructural observations to fluid flow 
properties of the bulk sample material. Segmented pores in 2D BIB surfaces are classified according to 
the mineralogy, generating representative datasets of up to 100,000 pores per cross-section.  
Results show total SEM-resolved porosities of 10-20 % and different characteristic mineral phase 
internal pore morphologies and intra-phase porosities. Most of the nano-porosity resides in the clay-
matrix. In addition, in the silt-rich samples, larger inter-aggregate pores contribute to a major part of 
the resolved porosity. Pore-size distributions within the clay-matrix suggest power-law behavior of 
pore areas with exponents between 1.56-1.74. Mercury Intrusion Porosimetry, with access to pore-
throat diameters down to 3.6 nm, shows total interconnected porosities between 27-35 Vol.-%, and the 
observed hysteresis in the MIP intrusion vs. extrusion curves suggests relatively high pore-body to 
pore-throat ratios in Boom Clay. The difference between BIB-SEM visible and MIP measured 
porosities is explained by the resolution limit of the BIB-SEM method, as well as the limited size of 
the BIB-polished cross-section areas analyzed. Compilation of the results provides a conceptual model 
of the pore network in fine- and coarse-grained samples of Boom Clay, where different mineral phases 
show characteristic internal porosities and pore morphologies and the overall pore space can be 
modelled based on the distribution of these mineral phases, as well as the grain-size distribution of the 
samples investigated. 
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4.1. Introduction 
Due to its low hydraulic conductivity (~ 1x10
-12
 m/s), i.e. low intrinsic permeability (~ 1x10
-17
 m
2
) and 
good sealing capacities (De Craen et al., 2004a, 2004b, 2004c; Neuzil, 1994), the Boom Clay is being 
considered as one of the potential host rock materials for the disposal of high and medium level 
radioactive waste in a geological formation in Belgium and the Netherlands (Gens et al., 2003; 
ONDRAF/NIRAS, 2011; Verhoef and Schroeder, 2011; Verhoef et al., 2011). Furthermore the 
material shows very good sorption capacities for radionuclides and high stability over a geological 
timescale. It has been shown that the transport of radionuclides in the Boom Clay Formation is mainly 
controlled by diffusion through the accessible pore space (Aertsens et al., 2008a, 2008b, 2008d; Ortiz 
et al., 2002). Thus, the detailed characterization of pore morphologies, including size, shape, 
orientation and connectivity of the pores, down to the nm-scale, is important to gain a fundamental 
understanding of the transport of radionuclides. 
The Boom Clay has been investigated intensively since 1974 (by SCK-CEN) and since 1996 is studied 
in-situ in an underground research laboratory (HADES - ‘High Activity Disposal Experimental Site’) 
at the Mol-Dessel research site (Belgium). Therefore, its bulk chemical composition and bulk physical 
and chemical properties are very well known. Classical studies include mineralogical, geochemical 
and granulometric investigations, comprising solid phase mineralogical characterization via X-ray 
diffraction (Decleer et al., 1983; Laenen, 1997; Vandenberghe, 1974, 1978a, 1978b; Zeelmaekers, 
2011), Fourier transform infrared spectroscopy (FUNMIG/EURATOM, 2008; Wouters et al., 1999), 
thermal gravimetric analysis (FUNMIG/EURATOM, 2008), surface area analysis (Baeyens et al., 
1985; Honty et al., 2010) and cation exchange capacity measurements (Baeyens et al., 1985; Griffault 
et al., 1996; Honty et al., 2010). For elemental analysis, atomic absorption and emission spectroscopy 
(AAS/AES), X-ray fluorescence, inductively coupled plasma mass spectrometry (ICP-MS) and 
instrumental neutron activation analysis (INAA) were applied (e.g. De Craen et al., 2000; Decleer and 
Viaene, 1993; Decleer et al., 1983; Laenen, 1997; Zeelmaekers, 2011). 
The microstructure and pore space of the Boom Clay have been studied to a much lower extent. 
Standard bulk porosity measurements include Mercury Intrusion Porosimetry (MIP) (Al-Mukhtar et 
al., 1996; Boisson, 2005; Dehandschutter et al., 2005a, 2005b), water content porosity measurements 
(e.g. Boisson, 2005; Merceron, 1994) and radionuclide (HTO) diffusion experiments (e.g. Aertsens et 
al., 2005a, 2005b; Bruggeman et al., 2009). Alternative methods, such as density difference 
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calculations (FUNMIG/EURATOM, 2008) or gas generation and migration experiments (Ortiz et al., 
2002) have also been used. However, all these methods yield only indirect information on the 
morphology and connectivity of pore space. Direct microstructural studies on Boom Clay, at the scale 
of pores and grains, were done using scanning electron microscopy (SEM) on broken surfaces of 
Boom Clay (Al-Mukhtar et al., 1996; Baeyens et al., 1985; De Craen et al., 1999; Hildebrand and 
Urai, 2003; Romero et al., 1999), but suffered from difficulties in the interpretation of the images, due 
to the roughness of the surfaces. Recent developments in the field of micro-focus X-ray computed 
tomography (µ-CT) (Bell et al., 2011; Bésuelle et al., 2006; Bugani et al., 2009; Cnudde et al., 2011; 
Jin, 2007; Sok et al., 2009) allow describing the 3D fabrics of clay materials and its evolution under 
load, but the resolutions achieved are not good enough to resolve porosity. The emergence of ion-
beam milling tools, like focused (FIB) and broad-ion-beam (BIB) cross-sectioning (Desbois et al., 
2010a, 2010b, 2011, 2013b; Holzer and Cantoni, 2012; Holzer et al., 2006, 2007, 2010; Loucks et al., 
2009) led to an important progress in imaging microstructures and porosity in argillaceous materials, 
down to the nm-scale resolution. FIB serial cross-sectioning allows reconstructing 3D microstructures 
(Van Geet et al., 2008; Heath et al., 2011; Keller et al., 2011). A problem in integrating these results is 
the gap in resolutions and sizes of analyzed sample volumes between serial FIB-SEM nano-
tomography (nm-scale resolution, visualizing sample volumes < 1,000 µm
3
) and µ-CT (> µm-scale 
resolution, visualizing volumes in the cm
3 
to mm
3 
range). One approach to overcome this problem is to 
combine BIB-milling with high resolution SEM imaging, achieving a resolution down to the nm-scale 
on representative sample areas of several thousands of µm
2
 up to 1 mm
2
 size (Desbois et al., 2009b, 
2010a; Houben et al., 2013; Klaver et al., 2012; Loucks et al., 2009, 2012). To quantify 
microstructures, the principle of  fractal geometry is often used, and was first applied to geological 
materials by Friesen & Mikula (1987); it was furthermore found adequate to describe the porosity in 
different sandstones, slates, shales and granites (Ruffett et al., 1991). A material property can be 
described as fractal, if it behaves in the same way, regardless of the scale of measurement or 
observation. Using power-laws is one way to describe fractal size-distributions and a possibility to 
model these distributions. Many naturally occurring size-distributions were found to follow a power-
law behavior (Bak, 1996; Zipf, 1949) and recently it has been shown that the size distribution of pore-
areas in clayey materials can be modelled using power-laws (Desbois et al., 2009b, 2010a; Houben et 
al., 2013; Klaver et al., 2012). 
This study aims to characterize and compare the morphology of the pore space in different Boom Clay 
samples, representing end-members with regard to mineralogical composition and grain-size 
distribution of the Boom Clay Formation at the Mol-1 borehole (Belgium). BIB cross-sectioning is 
combined with high resolution SEM-imaging to characterize the variability of the pore space in Boom 
Clay at the nm- to µm-scale resolution, within areas, which are representative of the material’s 
mineralogical composition, grain-size distribution and porosity, at the scale of observation. Pores are 
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segmented from secondary electron (SE) images and classified according to the mineralogy, 
generating statistically representative datasets of up to 100,000 pores per image and sample cross-
section. Mercury Intrusion Porosimetry (MIP) provides data relating microstructural information to the 
bulk transport properties of the sample material. The compilation of the results yields a conceptual 
model of the pore space in fine- and coarse-grained Boom Clay samples. 
4.2. Samples and Methodology 
4.2.1. Samples 
In the present study four samples from the Mol-1 borehole (Mol-Dessel research site for radioactive 
waste disposal, Belgium) were investigated (ON-Mol-1-168, ON-Mol-1-184, ON-Mol-1-196 and ON-
Mol-1-253). The main characteristics of the samples are summarized in Table 4.1 and in the present 
study, sample names from Edwin Zeelmaekers PhD thesis (2011) are used for reference. 
The four samples were chosen to represent end-members with regard to mineralogical composition 
and grain-size distribution of the ‘EZE’ (Zeelmaekers, 2011) sample series (Figures 4.1 and 4.2). 
Mineralogical data are based on XRD and bulk rock analysis from Zeelmaekers (2011). Grain-size 
distributions were measured by SCK-CEN at KU Leuven using a ‘Micromeritics SediGraph5100’ 
analyzer. Prior to the analysis, carbonates, Fe-oxides and hydroxides, as well as organic matter were 
removed, applying a modified Jackson (1985) treatment, using HCl, oxalic acid and H2O2, 
respectively. 
Table 4.1: Characteristics of samples investigated (mineralogical data from Zeelmaekers, 2011; grain-size 
data provided by SCK-CEN). 
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Figure 4.1: Location of samples from the ‘Edwin Zeelmaekers’ (EZE; Zeelmaekers, 2011) sample series 
from the Mol-1 borehole (Mol-Dessel research site for radioactive waste disposal, Belgium), along with the 
borehole stratigraphy. Samples investigated in this contribution (EZE52, EZE54, EZE55 and EZE64) are 
indicated by colored symbols (cf. Table 4.1). The depth of origin of the samples [meters below sea-
level/TAW] is shown, together with the median grain-diameter [µm], the clay-content [dry wt.-%] and the 
main stratigraphic formation members. 
  
38 
 
 
Figure 4.2: a) Clay content [dry wt.-%] vs. median grain-diameter [µm] of samples investigated; b) 
fraction [%] of different grain-size ranges, after ‘Wentworth Classification’ (Wentworth, 1922); data 
from Zeelmaekers (2011). 
4.2.2. BIB-SEM method 
 Sample preparation 
Samples for BIB milling are ~ 10 x 5 x 2 mm in size and were cut from core samples of 10 cm 
diameter using a razorblade. The cores of samples EZE54, EZE55 and EZE64 were received in a 
natural, hydrated state, whereas sample EZE52 had already been oven dried by SCK-CEN at 60 °C for 
48 hours. The hydrated samples were dried carefully prior to the BIB-SEM investigations, since 
otherwise the high vacuum applied during BIB-milling and SEM-imaging would lead to a too fast 
extraction of water from the samples, possibly causing critical damage to the original sample 
microstructure. Nevertheless, we cannot fully exclude the potential creation of drying artifacts, due to 
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sample volume changes during drying, which will be discussed later on in this contribution. Samples 
EZE54, EZE55 and EZE64 were gradually oven dried, increasing the temperature stepwise ~ 5-10 °C 
per day from room temperature (~ 23 °C) up to a maximum temperature of 100 ºC over a period of 10 
days. Samples were weighed throughout the drying experiment and water content porosities calculated 
based on the bulk sample grain densities (between 2.56-2.63 g/cm
3
) and the density of the pore fluid 
(1.02 g/cm
3
; De Craen et al., 2004a). In addition, sample dimensions were measured to estimate the 
shrinkage of the samples due to drying. Dried samples were glued onto sample holders suitable for 
broad ion beam (BIB) polishing using cyanoacrylate glue and pre-polished using carbide papers 
(P500-2400, ISO/FEPA Grit, from 30.2 down to 8.4 µm grain-size, respectively). A JEOL SM-09010 
stand-alone Argon beam polisher is used to produce high quality, damage-free cross-sections for high-
resolution SEM investigations (Desbois and Urai, 2009; Desbois et al., 2009b, 2010b). BIB-polishing 
was performed for 7.45 hours at 6 kV and 150 µA, resulting in cross-sections of ~ 1 mm
2
. All BIB 
cross-sections were prepared perpendicular to the bedding of the samples and afterwards coated with a 
thin layer of gold, to prevent charging of the sample surfaces during SEM imaging. 
 SEM imaging, image processing and porosity analysis (segmentation) within representative 
elementary areas (REAs) 
A ZEISS-supra 55 scanning electron microscope, equipped with a SE2, SE in-lens and BSE-detector, 
as well as an EDX unit is used to image sample microstructures. The SE in-lens detector is located 
inside the electron column of the microscope and secondary electrons are collected with increased 
efficiency, but the conventional SE-detector (SE2) is more suitable to image sample surface 
topography and morphology and therefore was used for the porosity analysis in the present study. To 
determine mineralogical compositions of BIB cross-sections, BSE-images are combined with EDX-
maps, as well as EDX point analysis. To investigate representative elementary areas (REAs) at the 
resolution of pore microstructures (10 nm), mosaics of hundreds of SE2-images were produced at high 
magnification (30,000x), with an overlap of 20-30 % between the single images, and stitched together 
afterwards using Autopano (Kolor, 2012). In addition, SE2-overviews of BIB-cross sections were 
taken at lower magnifications (Table 4.2). For mineralogical mapping, mosaics of BSE-images were 
taken at 6,000x magnification and EDX analyses were done locally, to assign chemical compositions 
to different grey-scale values in BSE-mosaics. To achieve statistically significant and representative 
results, all samples have to be investigated within representative elementary areas (REAs). Sizes of 
REAs were determined using the box counting method (Houben et al., 2013; Kameda et al., 2006; 
Klaver et al., 2012) on mineralogical compositions in BSE-mosaics, as well as segmented porosities in 
SE2-images, to check the comparability of REAs based on mineralogy and porosity. A stepwise 
growing grid is applied to the classified BSE-images, as well as to the porosity maps and at each 
increasing box-size, the contribution of the different mineral phases, as well as the porosity 
contribution to the total area analyzed, are calculated within that box. This process is repeated for 
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several different starting points within the mosaics, until the individual contributions of different 
mineral phases and the porosity contribution do not change anymore. This area is interpreted to be the 
REA with regard to mineralogical composition and porosity at the scale of observation. 
 
Figure 4.3: SE2-micrograph of pores in Boom Clay (sample EZE55) at 30,000x magnification, illustrating 
typical phenomena occurring during porosity segmentation based on the difference in grey-scale values 
between sample surface (high grey-scale values) and pore interior (low grey-scale values): (1) ‘pore 
bridging’, due to very small gaps between sample surface material on two opposing sides of a pore, it can 
be difficult to identify a pore’s interior as such; (2) ‘low angle deepening of a pore border’, due to cutting 
of the pore boundary by the BIB at very low angles, resulting in very small gradients in grey-scale values 
at the boundary, it can be hard to correctly identify the pore boundary; (3) shows an ideal pore with 
regard to porosity segmentation (i.e. very sharp grey-scale value differences at the pore boundary). 
Pores are detected based on pixel grey-scale value information in SE2-images; whereas the interior of 
a pore shows very low grey-scale values (dark pixels) in SE2 images, the sample surface is 
characterized by much higher grey-scale values (bright pixels; Figure 4.3). The porosity segmentation 
is done semi-automatically, applying a combination of thresholding and sobel-edge-detection 
algorithms in Matlab (Houben et al., 2013; The MathWorks®, 2011; Figure 4.4b). Possible curtaining 
irregularities in polished BIB-surfaces (Desbois et al., 2013a; Klaver et al., 2012), together with 
background noise in SE2 images lead to difficulties in confidently detecting and segmenting very 
small pores of only a few pixels size (Figure 4.4b), resulting in a practical pore detection resolution 
(PPR) at larger pore-sizes than the resolution of the SE2-detector. Further problems of porosity 
segmentation are (1) ‘pore bridging’, due to very small gaps between two opposing sides of a pore, 
leading to the erroneous interpretation of one pore as two (or the other way round; Figures 4.3 and 
4.4a), and (2) ‘shallow dipping of a pore boundary’, resulting in low grey-scale gradients at the pore 
boundary, compared to steep dips (3) (Figures 4.3 and 4.4a). Therefore, after automatic porosity 
segmentation, images have to be visually inspected and cleaned manually of these artifacts. This is 
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done using the editing functions of ArcGIS (ESRI Inc., 2011; Figure 4.4c). Segmented pores are 
classified according to mineralogy, as long as they contribute to intra-phase porosities. Pores at the 
boundaries between different mineral phases are referred to as inter-aggregate pores. Sizes of single 
pores are measured as pore areas and the orientations of the longest pore axes are calculated using the 
MATLAB toolbox ‘PolyLX’ (Lexa, 2010; Lexa et al., 2005). 
 Terminology and limitations of the BIB-SEM method 
The presented method is subject to two main limiting factors: (i) sample drying and the potential 
creation of drying artifacts, which cannot be excluded with full confidence from the inferred 
microstructures and porosities (cryo-BIB-SEM investigations on water-saturated Boom Clay samples 
are planned in a follow-up study), and (ii) the representativeness of the obtained results. Concerning 
the latter, in the present study the term ‘representative elementary area’ (REA) refers to 
representativeness with regard to the scale of observation (nm- to µm-scale). However, the possibility 
of up-scaling of the results should also be discussed. For this, MIP data obtained on cm³ large samples 
are used to link our results to bulk sample properties. As will be shown, pore-size distributions 
measured by BIB-SEM, as well as pore-throat size distributions obtained from MIP show similar 
power-law exponents over several orders of magnitude (cf. sections 4.3.4, 4.3.5 and 4.4.4), hinting 
towards a self-similar behavior of the pore space in Boom Clay and indicating the possibility of up 
scaling of the results. 
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Figure 4.4: Illustration of semi-automatic porosity segmentation, showing (a) the original SE2-image, 
including challenging pores (‘pore bridging’ and ‘low angle deepening of a pore boundary’ (cf. Figure 
4.3); in (b) the same SE2-image is shown after automatic porosity segmentation (red lines), using a 
combination of thresholding and sobel edge detection algorithms in Matlab (The MathWorks®, 2011). 
Note, that some background noise has also been segmented. (c) depicts the same image after manual 
correction of the automatic results (green lines). Comparison of (b) and (c) shows that the automatic 
segmentation procedure gives reliable results in most cases, but some manual cleaning is necessary in case 
of segmentation artifacts (e.g. segmented background noise). 
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4.2.3. Mercury Intrusion Porosimetry 
To find a link between nm-scale 2D observations and bulk sample porosities, Mercury Intrusion 
Porosimetry (MIP) was carried out on the gradually oven dried samples EZE54, EZE55 and EZE64. 
Washburn’s equation (Washburn, 1921; Equation 4.1) describes the capillary flow through a bundle of 
interconnected, parallel, cylindrical tubes, and can be extended to porous media, assuming the 
accessible pore space to consist of interconnected, cylindrical pore tubes. The pressure (𝑃), required to 
access pores of a certain size, is inversely proportional to the pore throat diameter (𝑑): 
P = − 4 γ cos θ/d (Equation 4.1). 
θ is the contact angle between the Mercury and the pore walls (~ 139-147° for clay materials; 
Diamond, 1970) and 𝛾 the surface tension of the Mercury (~ 0.484 N/m at 25 °C; Kemball, 1946; 
Nicholas et al., 1961). The technique measures the volume of Mercury intruding the sample at each 
subsequent pressure step, as the applied pressure slowly increases from ~ 3.6 kPa, accessing pore 
throat diameters ~ 408 µm, up to ~ 413 MPa, to access pores throats ~ 3.6 nm in diameter (in theory). 
During pressure drainage, extruded volumes of Mercury are measured and the difference between 
intrusion and extrusion curves allows deducing further information on the nature of the pore space 
(e.g. pore body to pore throat ratios; Cerepi et al., 2002; Janssen et al., 2011; Webb, 2001). MIP 
experiments were carried out using a ‘Micromeritics AutoPore IV 9500 Pore Size Analyzer’ and MIP 
data were corrected for blank errors by Micromeritics (after Sigal 2009). Furthermore, the samples 
were weighed before and after the experiment, to measure the volume of Mercury remaining inside the 
samples after drainage. 
4.2.4. Power-law analysis of BIB-SEM and MIP datasets 
 Pore-area distributions from BIB-SEM porosity analysis 
Mathematically a power-law can be described by a probability distribution function of the form: 
P (x) = C · x 
-D 
(Equation 4.2). 
After Clauset et al. (2009), Newman (2006) and Pareto (1896, 1897); where p(x) is the continuous 
probability distribution of samples with a characteristic size x, D the power-law exponent and C a 
constant of proportionality. For calculation of pore-area size distributions a non-linear binning (always 
doubling the subsequent bin-size) was used (Adamic and Huberman, 2002; Houben et al., 2013; 
Klaver et al., 2012), resulting in pore-size frequencies (Ni) per bin of the size (Si). For comparison of 
pore-size distributions in different mosaics and samples, pore-size frequencies (Ni) were normalized 
by the bin-size (Si), as well as the size of the total mosaic area analyzed (Smosaic) and afterwards plotted 
against the bin-centers (bi) on a double logarithmic scale, resulting in linear distributions over several 
orders of magnitude (Figure 4.13, left side), which could be fitted within the range of practical pore 
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resolution (PPR) up to the largest pores measured within the clay-matrix, using least square linear 
regression analysis: 
Log (Ni  / (Si · Smosaic)) = − D · log (bi) + log (C)  (Equation 4.3). 
Taking the inverse of the logarithm on both sides, results in: 
Ni  / (Si · Smosaic) = C · bi
-D
  (Equation 4.4). 
D is the power-law exponent of the pore-size distribution and C a constant of proportionality. Errors 
were calculated based on 95 % confidence range calculation. 
 Cumulative distribution functions of pore areas from BIB-SEM data 
Commonly used methods for analyzing power-law distributions, such as least-square linear regression 
analysis (section 4.2.4), can produce substantially inaccurate estimates of the power-law parameters 
(Clauset et al., 2009; Newman, 2006) and much research has been conducted on how to better describe 
power-law distributions. One of the most promising outcomes is to use the complementary cumulative 
distribution function (CCD) of a power-law distribution: 
𝑃𝑟(𝑋 ≥ 𝑥) = 𝐶 ∫ 𝑝(𝑋)𝑑𝑋 =  
𝛼−1
𝑥𝑚𝑖𝑛
−𝛼+1
∞
𝑥 ∫ 𝑋
−𝛼𝑑𝑋 = (
𝑥
𝑥𝑚𝑖𝑛
)−𝛼+1
∞
𝑥
 (Equation 4.5). 
Pr (X ≥ x) is the cumulative probability to find a pore with an area larger than or equal to x; 𝛼 is the 
power-law exponent and xmin the characteristic pore-size above which the data follow a hypothesized 
power-law distribution. This method is described in detail in Goldstein et al. (2004), Newman (2006) 
and Clauset et al. (2009). We used this approach to check the validity of the power-law functions 
derived using least square linear regression analysis (section 4.2.4). 
 Pore-throat-area distributions from MIP datasets 
To compare MIP pore-throat distributions to BIB-SEM data, raw MIP data were converted into 
frequencies of pore-throat areas of a certain size (Ni
*
), by dividing the intruded incremental porosity 
volumes per pressure step by the size of the corresponding pore-throat diameter equivalent areas. 
Frequencies of pore-throats of a certain size (Ni
*
) were normalized by the bin-size (Si) and the total 
volume of Mercury intruded (Vtotal). The same binning as for the BIB-SEM data analysis was used 
(section 4.2.4; Houben et al., 2013, 2014b; Klaver et al., 2012) and for power-law analysis, the 
normalized frequencies (Ni
*
/ (Si · Vtotal)) were plotted against the bin-centers (bi) on a double 
logarithmic scale: 
𝑙𝑜𝑔 (
𝑁𝑖
∗
𝑆𝑖 · 𝑉𝑡𝑜𝑡𝑎𝑙
) = −𝐷∗𝑙𝑜𝑔(𝑏𝑖) + 𝑙𝑜𝑔(𝐶) (Equation 4.6). 
Taking the logarithm of both sides, resulting in: 
Ni
*
 / (Si · Vtotal) = C
* · 
bi
 –D*
 (Equation 4.7). 
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D* is the power-law exponent and C* a constant of proportionality; again inferred using least square 
linear regression analysis (cf. section 4.2.4; Figure 4.15c); errors were calculated based on the 95 % 
confidence range. 
 Estimation of changes in the porosity regime from MIP data 
The Friesen-Mikula approach (Friesen and Mikula, 1987; Equation 3.8) combines the ‘Menger-sponge 
fragmentation model’ (Mandelbrot, 1982; Turcotte, 1997) and Washburn’s equation (Washburn, 1921) 
Equation 4.1) to infer critical changes in the Mercury intrusion volume per pressure change, indicating 
possible changes in the porosity regime (Romero and Simms, 2008). 
𝑑𝑉
𝑑𝑝
∝ 𝑝𝐷𝑠−4 (Equation 4.8). 
This is the first derivative of the intruded pore volume (V), with respect to the Mercury intrusion 
pressure (p) and can be used to calculate the surface fractal dimension (Ds) of the accessible solid – 
pore interface. Alternatively, taking the logarithm of Equation 4.8 and normalizing the intruded pore 
volume by the total intruded volume of Mercury (Vtotal), gives: 
𝑙𝑜𝑔 (
𝑑(𝑉 𝑉𝑡𝑜𝑡𝑎𝑙⁄
)
𝑑𝑝
) ~ (𝐷𝑠 − 4) 𝑙𝑜𝑔(𝑝) (Equation 4.9).  
After Fadeev et al. (1996), Korvin (1992) and Meyer et al. (1994). Significant changes in Ds indicate 
changes in the porosity regime, or intrinsic changes in the pore network architecture. By definition, the 
surface fractal dimension Ds of the solid – pore interface ranges between two and three (Bartoli et al., 
1999; Friesen and Mikula, 1987). 
4.3. Results 
4.3.1. Sample drying 
Oven drying of samples resulted in total weight losses and thus water contents of 18-20 wt.-% of the 
original wet sample weights and corresponding water content porosities between 36.5 to 39.4 vol.-%. 
Typical values of shrinkage strain, perpendicular to the bedding, were ~ 3 %. 
4.3.2. Porosity segmentation, resolution and minimum pore sizes 
Keeping in mind the discussion in 4.2.2, a ‘practical pore detection resolution’ (PPR) was defined as 
the pore-size above which we assume to detect close to 100 % of the pores, existing of the respective 
sizes. The PPR depends on the magnification used and in the present study was found at pore-sizes of 
~ 1,000 nm
2
 at a magnification of 30,000x, and ~ 8,500nm
2
 at a magnification of 10,000x, both times 
corresponding to pore areas of ~ 10 pixel. Comparison of the results from manual and automatic 
porosity segmentations (Figure 4.4b-c) shows a very good agreement of the results, indicating that the 
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less time-consuming automatic porosity segmentation can be used without a critical loss of 
information or accuracy, as long as the automatic results are manually checked afterwards and cleaned 
of automatic segmentation artifacts, if necessary. 
4.3.3. Determination of representative elementary areas (REAs) 
Analyses of mineralogical compositions inferred from BSE-images and EDX-maps show three 
different mineral phases in significant amounts in samples EZE54, EZE55 and EZE64: the clay-
matrix, quartz and feldspar grains, and five in sample EZE52: the clay-matrix, mica-sheets, framboidal 
pyrite aggregates and quartz and feldspar grains. Other mineralogical phases, such as titanium oxide, 
organic matter or fossils were found only in minor amounts and therefore not included in the 
determination of REAs based on mineralogy. REA calculations based on mineralogy (M) in BSE-
images taken at 6,000x magnification and porosity (P) in SE2-images, taken at different 
magnifications, as indicated in Figure 4.5, give the following results: REA = 64 x 64 µm (M) and 61 x 
61 µm (P) at 30,000x magnification for sample EZE54 (Figure 4.5a-b); REA = 94 x 94 µm (M) and 90 
x 90 µm (P) at 30,000x magnification for sample EZE55 (Figure 4.5c-d); REA = 287 x 287 µm (M) 
and 125 x 125 µm (P) at 30,000x magnification, and 295 x 295 µm (P) at 2,000x magnification for 
sample EZE52 (Figure 4.5e-g); and REA = 453 x 453 µm (M), 153 x 153 µm (P) at 10,000x 
magnification, and 250 x 250 µm (P) at 475x magnification for the most coarse-grained sample EZE64 
(Figure 4.5h-j). The results show a very good agreement of REA calculations based on mineralogy and 
porosity for the two fine-grained samples (EZE54 and EZE55), whereas for the more coarse-grained 
samples (EZE52 and EZE64) exists a discrepancy between sizes of REAs calculated based on 
mineralogy and porosity at 30,000x (EZE52) and at 10,000x magnification (EZE64), respectively. For 
these two samples, REA calculations based on porosity were repeated at lower magnifications (2,000x 
for sample EZE52 and 475x for sample EZE64), to be able to cover larger areas and yield a good 
agreement between REA calculations based on mineralogy and porosity. This was achieved for sample 
EZE52, but not for sample EZE64. In the course of the present BIB-SEM study, REAs could be 
covered during high resolution porosity investigations at 30,000x magnification for samples EZE54 
and EZE55, but not for samples EZE52 and EZE64, because of the limits of BIB polished areas. 
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Figure 4.5: Results of representative elementary area (REA) calculations based on mineralogy box-
counting (left side) and porosity box-counting (right side). The graphs show the evolution of the 
contribution of different mineral-phases, as well as porosity [%], to the whole image area analyzed, with 
increasing box-size. The conditions of REA are fulfilled, once the contributions of mineralogical phases 
and porosity remain constant with increasing box-size (as indicated by red frames). 
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4.3.4. Porosity from BIB-SEM observations 
 Qualitative description of microstructures, fabrics and pore morphologies 
For all samples investigated the overall microstructure can be described as a fine-grained clay-matrix, 
embedding larger non-clay mineral grains (Figures 4.6-4.9). An increase in sample grain-size is related 
to a decrease in clay-matrix content and an increase in average pore-size. 
 
Figure 4.6: SE2 microstructural overview of sample EZE54 (most fine-grained), at 30,000x magnification. 
In detail, the fine-grained, clay-rich samples (EZ54 and EZE55; Figures 4.6 and 4.7) show a 
dominance of the clay-matrix, containing mainly small pores (< 1x10
6
 nm
2
 pore area), limited by the 
clay-aggregate size, and very few larger non-clay mineral grains (up to 15 µm in grain diameter), 
which occasionally locate larger pores of up to 4x10
6
 nm
2
 pore area in sample EZE54 (Figure 4.6) and 
~ 9x10
6
 nm
2 
pore area in sample EZE55 (Figure 4.7). The coarser grained samples (EZE52 and 
EZE64; Figures 4.8 and 4.9) on the contrary, show a microstructure dominated by larger (up to 50 µm 
in diameter) non-clay minerals (mostly quartz) and a much lower clay content in between the clasts. 
Moreover, a higher amount of inter-aggregate pores, with characteristic sizes up to 3x10
8
 nm
2
 in 
sample EZE52 (Figure 4.8), and 3x10
9
 nm
2
 in sample EZE64 (Figure 4.9), was observed. The size of 
the largest pores, predominantly located at the boundaries between clay-matrix and non-clay mineral 
grains, seems to increase with sample grain-size. 
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Figure 4.7: SE2 microstructural overview of sample EZE55 (fine-grained), at 30,000x magnification. 
 
Figure 4.8: SE2 microstructural overview of sample EZE52 (coarse-grained), at 30,000x magnification. 
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Figure 4.9: BSE and SE2 overviews of sample EZE64 (most coarse-grained), at 10,000x magnification. 
In the present study, we distinguished the following mineral phases, which all show characteristic 
mineral phase internal porosities and pore morphologies, similar in all samples investigated, 
irrespective of the sample depth of origin, mineralogical composition and grain-size distribution: (1) a 
highly porous clay-matrix (Figure 4.11a), (2) porous framboidal pyrite aggregates (Figure 4.11b), (3) 
detrital mica, exhibiting porosity in between the mica-sheets (Figure 4.11c) and (4) non- or low-porous 
mineral phases, such as quartz and feldspar (Figure 4.11d-f, h). 
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Figure 4.10: Details of segmented porosities within the clay-matrix of samples EZE54 (a), EZE55 (b) and 
EZE52 (c), analyzed at 30,000x magnification, as well as sample EZE64 (d), investigated at 10,000x 
magnification, showing similar characteristic porosities and pore morphologies within the clay-matrix, for 
all samples investigated. 
Pores in the clay-matrix show three different pore types (after Desbois et al., 2009b): type I, elongated 
between similarly oriented sheet of clay (Figure 4.11a, c, f); type II, crescent-shaped in saddle-reefs of 
folded clay-sheets (Figure 4.11a, d, f), and type III, large jagged pores in the strain shadows of clasts 
(Figure 4.11a, c, d and f). Typical pore-sizes in the clay-matrix range between several hundred nm
2
 for 
type I pores and ~ 1x10
6 
nm
2
 for type III pores. In addition, there exists a large number of pores, 
located at the boundaries between clay-matrix and non-clay mineral grains, with typical sizes > 1x10
6
 
nm
2
 in the fine-grained samples (Figures 4.6, 4.7 and 4.11b, d) and up to 1x10
8
 nm
2 
in the coarse-
grained samples (Figures 4.8, 4.9, 4.11g, h), which do not match the criteria of type I-III pores in clay. 
These pores were defined as ‘inter-aggregate pores’ (cf. section 4.2.2). They show smooth pore edges, 
rounded pore tip ends and are not oriented parallel to the bedding of the samples. Furthermore, even 
larger pores of up to 1x10
9
 nm
2
 pore area were observed in sample EZE64, showing smooth, rounded 
pore edges, bounded by, at the resolution of the SEM non-porous, homogeneous coatings (Figures 4.9, 
4.11e and 4.12a, b), which according to EDX-analysis, consist mainly of silicon, aluminum and 
oxygen, thus pointing towards a kaolinitic composition. These pores are not oriented along the 
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bedding and can appear connected in 2D cross-sections, due to the 3D appearance of SEM-images in 
the case of larger pores (insight into the pore body over several µm; Figures 4.9, 4.11e and 4.12b). 
 
Figure 4.11: Characteristic pore morphologies in different mineral phases: (a) pores of type I, II and III 
inside the clay-matrix, (b) typical pores in pyrite framboids, (c) pores between detrital sheet of mica, (d) 
non-porous quartz-grain, embedded in the clay-matrix, showing pores of type II and type III in the strain 
shadows of the quartz grain, as well as inter-aggregate pores in the clay-matrix; (e) porous quartz grain, 
coated by a very dense, probably clayey, rim; (f) low-porous feldspar grain, embedded in the clay-matrix 
and surrounded by pores of type III, in the strain shadow of the feldspar grain, as well as type I and II 
pores in the clay-matrix. (g) Pores in titanium oxide and large inter-aggregate pores in the surrounding 
clay-matrix; (h) large inter-aggregate pores at the boundaries between clay-matrix and non-porous quartz 
grains. 
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Figure 4.12: a-b) close-up views of a typical, very large pore found in sample EZE64; (a) BSE-image taken 
at 6,000x magnification and (b) SE2-micrograph taken at 10,000x magnification. Due to its smooth 
internal pore walls and rounded pore edges, this type of pore was also classified as inter-aggregate pore, 
although some clear differences are discernible, compared to the usually defined inter-aggregate pores; 
these are, the surrounding very dense (kaolinitic) coatings on the adjacent quartz grains, as well as the 
much larger typical sizes of the pores. Figure 4.12c shows the deviation of the preferred orientation (red 
dashed lines) from bedding-parallel (horizontal in the image) of the clay minerals and pores within the 
clay-matrix, in the vicinity of rigid clasts (e.g. quartz, feldspar or mica). 
Pores in pyrite framboids show characteristic serrated edges and typical sizes below 1x10
5
 nm
2
 pore 
area, corresponding to the free space in between single pyrite grains (Figure 4.11b). Depending on the 
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packing of the pyrite grains, these pores can be connected in 2D cross-sections, occasionally as well to 
the surrounding clay-matrix. Pores between mica-sheets are elongated with very high aspect ratios and 
typical sizes ~ 1,000 nm
2
 in the fine-grained samples (Figure 4.11c), to larger than 1x10
8
 nm
2
 in 
sample EZE52 (Figure 4.8). Pores in the non- or low-porous mineral phases (quartz, feldspar and 
titanium oxide; Figure 4.11d-h) are often isometric, usually isolated and show typical sizes between 
100 to 1x10
6
 nm
2
 pore area. 
 Quantification of porosity from BIB-SEM investigations 
Table 4.2: Porosity data quantified from BIB-SEM approach. 
 
Pore counting indicates that most of the pores are found inside the clay-matrix in all samples 
investigated. In the fine-grained samples (EZE54 and EZE55), pores within the clay-matrix account 
for 85-88 % of the total BIB-SEM visible porosity at 30,000x magnification, whereas in the coarser 
grained sample EZE52, pores in the clay-matrix contribute to only 33 % of the total visible porosity at 
the same magnification,  and to ~ 40 % at 2,000x magnification. In the most coarse-grained sample 
(EZE64) only ~ 9 % of the total visible porosity at 10,000x magnification is observed in the clay-
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matrix. Inter-aggregate pores account for the majority of the porosity in this sample (~ 91 %), as well 
as in sample EZE52 (~ 60 %), whereas in the two fine-grained samples, these pores contribute to only 
11 (EZE54) and 14 % (EZE55) of the total BIB-SEM visible porosity. Porosity in other than clay 
mineral phases (quartz, feldspar, mica, pyrite, fossils and titanium oxide) contributes to a less 
significant amount to the total detected porosities (Table 4.2), but it is interesting to note that at the 
same magnification (30,000x), the porosity detected in the clay-matrix and in quartz seems to be 
consistent for all samples investigated (Table 4.2). Statistical analysis of the pore-area sizes measured 
within the clay-matrix (type I, II and III pores) shows log-normal distributions with peaks ~ 1,000 nm
2
 
pore area for samples EZE54, EZE55 and EZE52 (30,000x magnification), and ~ 8,500 nm
2
 for 
sample EZE64 (10,000x magnification), which coincides with the practical pore detection resolutions 
(PPRs) at the respective magnifications (cf. sections 4.2.2 and 4.3.2). Below the PPR, down to the 
resolution of the SEM (~ 100 nm
2
 at 30,000x and 850 nm
2
 at 10,000x magnification), some pores 
could still be interpreted in the SE2-images, but these do not represent all the pores of the respective 
sizes, as explained in sections 4.2.2 and 4.3.2. Therefore, pores below the PPR were not taken into 
account during the quantitative analysis of pore-size distributions. Plotting normalized frequencies of 
measured pore areas as a function of pore-size on a double logarithmic scale (section 4.2.4; Figure 
4.13a, c, e, g), we observe linear pore-area distributions over 3-4 orders of magnitude, between the 
PPR and the largest pores detected within the clay-matrix, indicating a power-law behavior of pore-
sizes within the clay-matrix. Least-square linear regression analysis of the linear sections gives power-
law exponents between 1.56-1.66. In detail, the received power-law parameters are: D = 1.63± 0.16, 
Log(C) = -3.63 ± 0.75 for sample EZE54 (Figure 4.13a); D = 1.56 ± 0.17, Log(C) = -3.92 ± 0.78 for 
sample EZE55 (Figure 4.13c); D = 1.64 ± 0.07, Log(C) = -4.31 ± 0.35 for sample EZE52 (Figure 
4.13e), and D = 1.66 ± 0.07, Log (C) = -4.55 ± 0.4 for sample EZE64 (Figure 4.13g). The power-law 
exponents of pore-area size distributions within the clay-matrix are similar for all samples 
investigated, regardless of the depth of origin, mineralogical composition or grain-size distribution of 
the sample. The complementary cumulative probability distributions (CCDs) were calculated for the 
same data (cf. section 4.2.4; Figure 4.13b, d, f, h). At small pore-sizes, the results substantiate our 
hypothesis and the CCDs of pore areas can be approximated using power-laws, with exponents 
between 1.66-1.74, thus only slightly higher than calculated by least square linear regression analysis. 
However, towards larger pore-sizes (> ~ 1x10
5 
nm
2
 pore area for the two fine-grained samples; Figure 
4.13b, d; > ~ 5x10
5 
nm
2 
for sample EZE52, Figure 4.13f, and > ~ 2x10
6 
nm
2 
for sample EZE64, Figure 
4.13h), the complementary cumulative probability distributions deviate significantly from the 
hypothesized power-law behavior. 
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Figure 4.13: Results of power-law analysis of pore-size distributions within the clay-matrix. (a), (c), (e) and 
(g) show the results of least-square linear regression analysis on double logarithmic plots of normalized 
pore-area frequencies against the pore-size (area), using a non-linear, logarithmic binning. The results 
indicate a power-law distribution of pore areas, down to the practical pore resolution (PPR) ~ 1,000 nm
2 
in 
samples EZE54, EZE55 and EZE52 (30,000x magnification) and ~ 8,500 nm
2 
pore area in sample EZE64, 
analyzed at 10,000x SEM magnification. Plots (b), (d), (f) and (h) depict the complementary cumulative 
probability distributions (CCDs) of the same pore area data, indicating a deviation from the hypothesized 
power-law behavior for pore-sizes larger than ~ 1x10
5
 nm
2 
in samples EZE54 (b.) and EZE55 (d.), > ~ 
5x10
5
 nm
2 
in sample EZE52 (f.) and > ~ 2x10
6
 nm
2 
pore area in sample EZE64 (h.), due to the non-
representativeness of analyzed areas with regard to larger pore-sizes. Inferred power-law exponents (D 
and α) are given directly on the figures, and are similar for all samples investigated and constant over 
several orders of magnitude. 
4. Variations in the morphology of porosity in the Boom Clay Formation: Insights from 2D high 
resolution BIB-SEM imaging and Mercury injection Porosimetry 
 
 
57 
 
 
Figure 4.14: Rose diagrams, indicating the (predominating) orientation of the longest axes of pores, 
segmented within the clay-matrix. A strong preferred orientation of pores sub-parallel to the bedding was 
found in the two fine-grained samples (EZE54, a) and EZE55 b)). For the coarse-grained sample EZE52, 
orientations of the longest axes of pores show a random distribution, from investigations carried out at 
30,000x magnification (c) and two preferred orientations, one sub-parallel and one sub-perpendicular to 
the bedding, from porosity analysis at 2,000x magnification (d). 
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Orientations of the longest axes of pores, segmented within the clay-matrix, show a clear preferred 
orientation sub-parallel to the bedding in the two fine-grained samples (EZE54 and EZE55; Figure 
4.14a, b), a random distribution in the coarse-grained sample EZE52, investigated at 30,000x 
magnification (Figure 4.14c), and two preferred orientations, one sub-parallel and one sub-
perpendicular to the bedding for the same sample, analyzed at 2,000x magnification (Figure 4.14d). 
The most coarse-grained sample (EZE64) shows a preferred orientation of the pores longest axes sub-
perpendicular to the sample bedding (Figure 4.14e). 
4.3.5. Mercury Intrusion Porosimetry 
 Correction of the original MIP data 
Mercury Intrusion Porosimetry (MIP) indicates a 3D bulk connected porosity of 27 % for samples 
EZE54 and EZE55, and 35 % for sample EZE64 (Figure 4.15a). Mercury is injected into all samples at 
pressures corresponding to pore-throat diameters > 30 µm, even if BIB-SEM microstructural 
observations do not show pores of that size in the two fine-grained samples, and only very rarely in the 
coarse-grained sample EZE64. The Mercury data were therefore corrected by subtracting porosity 
volumes intruded at pore-throat diameters > 30 µm, which we interpreted as either surface roughness 
effects or conformance errors (Klaver et al., 2012; Sigal, 2009), or to correspond to larger cracks, 
possibly induced by the drying of samples. 
 MIP results 
After surface roughness and drying artifacts correction, MIP gives total interconnected porosities of 
26.4 % for sample EZE54, 26.6 % for sample EZE55 and 32.1 % for sample EZE64 (Figure 4.15a). 
Volume porosity distributions, plotted as a functions of pore-throat size, show unimodal distributions 
for samples EZE54 and EZE64 and a bi-modal distribution for sample EZE55, with major peaks found 
at pore-throat diameters < 100 nm in the two fine-grained samples (EZE54 and EZE55) and ~ 10,000 
nm in the coarse-grained sample (EZE64; Figure 4.15b). Pores < 300 nm pore-throat diameter 
contribute to ~ 94 % of the total MIP volume in sample EZE54, whereas in sample EZE64, pores 
larger than 3,000 nm pore-throat diameter account for ~ 70 % of the total intruded porosity volume. 
For sample EZE55, pores with throat diameters smaller than 300 nm contribute to ~ 62 % of the total 
MIP volume, and pores > 3,000 nm account for ~ 13 %. 
4. Variations in the morphology of porosity in the Boom Clay Formation: Insights from 2D high 
resolution BIB-SEM imaging and Mercury injection Porosimetry 
 
 
59 
 
 
Figure 4.15: Results of Mercury Intrusion Porosimetry on samples EZE54, EZE55 and EZE64. a) 
Cumulative Mercury intrusion and extrusion curves, as a function of pore-throat size; full symbols 
indicating uncorrected data and transparent symbols, data corrected for surface roughness effects. Total 
BIB-SEM visible porosities at practical pore detection resolutions (PPRs) are indicated by squared 
symbols. (b) shows MIP inferred porosity distributions, as a function of pore-throat size, indicating three 
different porosity regimes; (c) log-log distributions of pore-throat frequencies vs. pore-throat size (area), 
using surface roughness corrected data, fitted using least-square linear regression analysis. Resulting 
power-law exponents (D
*
) are indicated directly on the plots, together with errors, based on 95 % 
confidence range calculation. d) Changes in intruded porosity volumes (d(V/Vtotal)) per pressure change 
(dp), indicating different porosity regimes, plotted against the absolute applied pressure (p) on a double 
logarithmic scale; surface fractal dimensions (Ds) can be inferred from power-law fitting of the linear 
sections of the double logarithmic plots, and for zones 1 and 2 are reported directly on the plot. 
Comparison of MIP intrusion and extrusion curves shows a strong hysteresis in the data (Figure 
4.15a), indicating that a significant volume of Mercury remains inside the samples after drainage and 
hinting towards large pore-body to pore-throat ratios (Webb, 2001). Calculated pore-body to pore-
throat ratios are between 1.2-50 in the two fine-grained samples (EZE54 and EZE55) and between 1.3 
and 100 in the coarse-grained sample (EZE64); with an increasing pore-body to pore-throat ratio 
towards larger pore sizes. Measured residual porosities after drainage are 16.1 Vol.-% for sample 
EZE54, 19.1 Vol.-% for sample EZE55 and 30.1 Vol.-% for sample EZE64 (Figure 4.15a; surface 
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roughness corrected data). These porosity volumes are in good agreement with the porosities 
calculated from the sample weight gains after the experiment, of 14.8 Vol.-% for sample EZE54, 18 
Vol.-% for sample EZE55 and 30.6 Vol.-% for sample EZE64, suggesting that the Mercury really has 
entered the samples and remained within after the experiment (Hildebrand and Urai, 2003). 
 Power-law analysis of the MIP data 
Figure 4.15c depicts the normalized pore-throat frequencies, measured by MIP, as a function of 
equivalent pore-throat-area (cf. section 4.2.4) on a double logarithmic scale, showing straight lines 
over ~ 8 orders of magnitude. Power-law exponents, resulting from least-square linear regression 
analysis are D
*
 = 2.23±0.08 for sample EZE54, 2.09 ± 0.05 for sample EZE55 and 1.89 ± 0.06 for 
sample EZE64 (Figure 4.15c; errors based on 95 % confidence range calculation; cf. section 4.2.4). 
These power-law exponents are higher than the values obtained from power-law analysis of the BIB-
SEM measured pore-area distributions (cf. section 4.3.4; Figure 4.13). 
Applying the ‘Friesen-Mikula approach’ (cf. section 4.2.4; Friesen and Mikula, 1987; Equations 4.8 
and 4.9) and plotting normalized intruded porosity volumes (d (V / Vtotal)) per pressure change (dp) 
against the absolute applied Mercury pressures (p) on a double logarithmic scale (using uncorrected 
data), indicates different porosity regimes based on significant changes in the intruded porosity 
volumes per pressure change (cf. section 4.2.4; Figure 4.15d). We identified two major boundary 
regions between different porosity regimes: the first one at pore-throat sizes ~ 2x10
4 
nm
2
 pore-throat 
area and a second one ~ 2x10
8 
nm
2
, interpreted as corresponding to the boundary between large pores 
(zone 2) and surface roughness effects (cf. section 4.3.5). The first boundary, corresponding to the 
boundary between zone 1 (small pore throats) and zone 2 (large pore throats), was determined 
empirically from clear changes in Ds, calculated from the slopes of double logarithmic plots of 
changes in the intruded porosity volumes per pressure change (d (V / Vtotal) / dp)) vs. the absolute 
applied pressure (p), using linear regression analysis (cf. section 4.2.4; Figure 4.15d). Resulting 
surface fractal dimensions (Ds) of the solid – pore interfaces for the different porosity regimes are: Ds 
= 2.24 (zone 1) and 2.87 (zone 2) for sample EZE54, comparable to the results for sample EZE55 of 
Ds = 2.47 (zone 1) and 2.54 (zone 2). For sample EZE64, the transition between zone 1 and zone 2 is 
less pronounced, due to a much smoother change in the intruded porosity volumes per pressure 
change, but still two different porosity regimes, showing different surface fractal dimensions of 2.9 
(zone 1) and 2.16 (zone 2), could be distinguished (Figure 4.15d). 
4.4. Discussion 
4.4.1. Sample drying 
Sample water contents (18-20 wt.-%), as well as inferred water content porosities (36-39 Vol.-%), 
measured from the weight-loss of samples during drying, are in good agreement with established 
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Boom Clay water contents (~ 19-24 wt.-%, e.g. De Craen et al., 2004a) and water content porosities (~ 
37 % on average, e.g. Boisson, 2005). We can be sure not to have removed any interlayer, clay-bound 
water from the samples, since they were never heated to more than 100 °C. 
A significant part of the shrinkage of samples during drying (~ 3 % along the axis perpendicular to the 
bedding) is interpreted to be due to volume changes of clay minerals during desiccation. In addition to 
the gradient of shrinkage-strain between the outside and the inside of a bulk sample, clay – non-clay 
mineral interfaces may possibly localize drying-induced damage of the sample microstructure, due to a 
non-uniform deformation of clay and non-clay mineral phases and the resulting build-up of stress at 
their interfaces. Therefore, we cannot fully exclude the possibility of drying artifacts at clay- non-clay 
mineral interfaces from our investigations. However, the morphology of most inter-aggregate pores 
points towards non-drying artifacts, since they show smooth, rounded edges (cf. section 4.3.4), which 
is incompatible with the typical morphological features of drying artifacts (e.g. Heath et al., 2011). 
One way to quantify the impact of sample drying would be to compare microstructures in dried 
samples to those in un-dried, wet-preserved samples, investigated under cryogenic (BIB-SEM) 
conditions (Desbois et al., 2013a). Another option to observe the impact of sample drying in-situ is to 
dry samples inside a micro-CT scanner, during investigations. However, although part of the porosity 
measured in this study may be related to drying, we note that a number of studies on Boom Clay 
porosity have been carried out on dried samples (e.g. Al-Mukhtar et al., 1996; Boisson, 2005; 
Dehandschutter et al., 2005a) and the same arguments hold for the results of these. 
4.4.2. Pore detection resolution and REAs 
The practical pore resolution (PPR) depends on the magnification used during SEM imaging. The PPR 
was found ~ 1,000 nm
2
 pore area at a magnification of 30,000x and ~ 8,500nm
2 
at a magnification of 
10,000x, corresponding to the size of ~ 10 pixels at both magnifications, suggesting that the quality of 
the pore segmentation is reproducible and does not depend on the magnification used. The fact that the 
detection of pores below the PPR is incomplete, was interpreted to be one reason for the deviation of 
measured pore-area size distributions from following a power-law, at pore-sizes below the PPR 
(Houben et al., 2013; Klaver et al., 2012). Below the PPR the detection of pores is assumed to be 
linked to the morphology of the pores, with round pores, showing steep pore edges, being more easily 
to detect than elongated pores with high axial ratios. Additional effects, making the detection of pores 
more complicated, are shadowing of pores by surface roughness effects on BIB polished cross-
sections, or the gold coating of the sample surfaces (Klaver et al., 2012). 
Comparison of porosities measured using the BIB-SEM approach at the practical pore detection 
resolution and MIP at pressures corresponding to PPR (Figure 4.15a), shows that BIB-SEM porosities 
are below the porosities measured by MIP. This brings us back to the question of whether an area large 
enough to be representative of bulk sample porosities can be investigated at the scale of BIB-SEM 
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observations. For sample EZE64, the discrepancy between BIB-SEM and MIP porosities can be 
explained by the fact that the size of REA was not reached for this sample during BIB-SEM 
investigations (cf. section 4.3.3). However, for samples EZE54 and EZE55, also a discrepancy of ~ 
40 %, similar to the difference for sample EZE64 exists between MIP and BIB-SEM measured 
porosities at identical resolutions. We interpret this difference to be due to larger pores or cracks, as a 
result of sample drying, which are omitted during BIB-SEM analysis, but most likely present in the 
much larger sample volumes analyzed during MIP. Therefore, we conclude that areas investigated by 
BIB-SEM are not representative of larger pores or cracks, possibly existing on a larger scale, but still 
can be considered as representative of the microstructure and clay-matrix controlled porosities in the 
two fine-grained samples (EZE54 and EZE55). On the other hand, for the two coarser grained samples 
(EZE52 and EZE64), larger areas would have to be investigated using BIB-SEM, to be able to cover 
areas representative of the samples’ characteristic microstructural features and porosities, which in 
these samples are controlled by larger ‘inter-aggregate’ pores, occurring mostly at clay – non-clay 
mineral interfaces, rather than by clay-matrix internal porosities. 
4.4.3. Variability of pore characteristics in different samples investigated 
One of the major findings of this work is that at the scale of the cross-section overviews (Figures 4.6-
4.9), all samples investigated are built in the same manner, with non-clay minerals embedded in a 
clay-matrix, showing similar mineral phase internal porosities (Table 4.2) and pore morphologies 
(Figure 4.11; section 4.3.4). Zooming into the clay-matrix (Figure 4.10), shows the same characteristic 
microstructure inside the clay-matrix for all samples investigated. Characteristic mineral phase internal 
pore morphologies coincide with already described pore-types in clay (Desbois et al., 2009b; Houben 
et al., 2013, for type I, II and III pores), as well as in non-clay mineral phases (such as pyrite, mica, 
quartz, feldspar and titanium oxide; Desbois et al., 2011; Heath et al., 2011; Houben et al., 2013; 
Klaver et al., 2012; Loucks et al., 2009, 2012). Intra-granular pores in quartz and feldspar were 
interpreted as fluid inclusions. These observations suggest that at the scale of the BIB-SEM 
investigations, Boom Clay shows homogeneous mineral phase internal microstructures, including 
porosity, and moreover, that the different mineral phases can be considered as ‘elementary building 
blocks’, which contribute to the overall Boom Clay microstructure, if combined. This concept has 
already been proposed by Desbois et al. (2012, 2013b) and Houben et al. (2013); however, inter-
aggregate pores, as well as the very large pores found in sample EZE64 (Figure 4.9), are additional 
elements of a microstructural model of the Boom Clay. One way to integrate larger inter-aggregate 
pores into the model would be to link them to the proportion of clay to non-clay mineral phases, as 
well as the grain-size of the sample. 
We have shown that the contribution of inter-aggregate pores to the total observed porosity is clearly 
linked to and increasing with the grain-size of a sample, as well as the non-clay mineral content 
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(Tables 4.1 and 4.2). Moreover, the location of inter-aggregate pores within a sample seems to be 
controlled by clay – non clay interfaces (Figures 4.6-4.12; section 4.3.4). For the very large pores 
found in sample EZE64, which are internally coated with a material of kaolinitic composition and 
oriented sub-perpendicular to the sample bedding (Figures 4.9, 4.11e, 4.12a, b and 4.14e), we so far 
have not found any explanation or evidence in the literature, other than secondary porosity, related to 
the burial of material and the onset of diagenetic processes (Johnston and Johnson, 1987; Schmidt and 
McDonald, 1979; Wilson and McBride, 1988). However, this explanation is unlikely in the case of the 
Boom Clay Formation, since the material has never been buried much deeper than its present depth (~ 
200-300 m). 
The preferred orientation of pores within the clay matrix along the bedding in the two fine-grained 
samples (EZE54 and EZE55; Figure 4.14a, b), was interpreted to be a result of depositional, burial and 
compaction processes in the Boom Clay Formation. In the two coarse-grained samples (EZE52 and 
EZE64; Figure 4.14c-e), pores in the clay-matrix are not oriented preferentially along the bedding, 
suggesting that the framework of rigid clasts prevents the bedding-parallel alignment of clay minerals 
during deposition, burial and compaction. Due to the much smaller grain-size and higher clay content 
(~ 50-60 wt.-%) in samples EZE54 and EZE55, the local changes in the strain field around rigid clasts 
do not have a major impact on the overall alignment of the clay minerals and the bedding parallel 
preferred orientation of pores in the clay-matrix, although some deviation of the orientation of pores in 
the clay-matrix, around rigid clasts, could also be observed in the two fine-grained samples (Figure 
4.12c). 
4.4.4. Are pore-sizes in the clay-matrix power-law distributed? 
Pore-size distributions in argillaceous materials have been previously fitted using power-laws (Desbois 
et al., 2009b; Houben et al., 2013; Klaver et al., 2012). Using a non-linear binning, pore-sizes (areas) 
of type I, II and III pores, measured in the present study within the clay-matrix show power-law 
distributions over several orders of magnitude, with comparable exponents (between 1.56-1.66) for all 
samples investigated (Figure 4.13, left side). The complementary cumulative probability distributions 
of these pore-areas give slightly higher power-law exponents between 1.66-1.74, but still similar for 
all samples investigated. The difference between the results obtained from least square linear 
regression analysis and complementary cumulative probability distribution (CCD) calculation, was 
interpreted to be due to errors occurring as a result of the non-linear binning, used during linear 
regression analysis, especially towards larger pore-sizes (cf. section 4.2.4; Clauset et al., 2009; 
Newman, 2006). Thus, the power-law exponents obtained from the calculation of CCDs can be 
assumed to be more accurate. The power-law behavior of pore-sizes over several orders of magnitude 
implies a self-similar geometry of the pore space in Boom Clay, within the clay-matrix, as well as a 
similar origin of porosity in all samples investigated, independent of sample origin, grain-size 
  
64 
 
distribution and mineralogy. Moreover, the results allow extrapolating the measured pore-size 
distributions, below the limit of pore detection resolution and the resolution limit of MIP, to estimate 
total porosities in clay. However, above certain pore-sizes, the complementary cumulative probability 
distributions of pore-areas show a deviation from the fitted power-law distributions (Figure 4.13, right 
side; section 4.3.4). We interpret this to be due to the non-representative detection and segmentation of 
larger pores during BIB-SEM investigations, as a result of the limited size of cross-section areas, 
which could be investigated at a sufficiently high magnification, within a practical time-frame (cf. 
section 4.4.2). Here, additional studies at lower magnifications on larger BIB-polished areas, or micro-
CT studies, are recommended. 
4.4.5. Comparison of BIB-SEM and MIP porosities to literature data 
Total visible porosities from BIB-SEM investigations (~ 10-20 % of the analyzed areas) are 
considerably lower than bulk sample porosities measured in the present study by MIP (~ 27-35 Vol.-
%), or calculated water content porosities (~ 36-39 Vol.-%). Literature data on bulk porosities in 
Boom Clay are compatible with these results: e.g. Merceron (1994) or Boisson (2005) calculated water 
content porosities between 36-39 Vol.-%; Al-Mukhtar et al. (1996), Boisson (2005) and 
Dehandschutter et al. (2005a) measured porosities between 27-35 Vol.-% from MIP; Bruggemann et 
al. (2009) and Aertsens et al. (2005a, 2005b) found porosities between 34-40 Vol.-% using HTO-
diffusion experiments, and porosities ~ 38 Vol.-% are reported in FUNMIG (2008) based on density 
difference calculations. Higher porosities from water content measurements, HTO-diffusion 
experiments and density difference calculations, compared to MIP data, indicate that a significant part 
of the porosity in Boom Clay (~ 10-30 Vol.-%) is borne by pores with throats smaller than 3.6 nm in 
diameter (cf. section 4.2.3), the smallest pore-throat size accessible by MIP. The difference in total 
porosities measured by BIB-SEM and MIP (~ 40 to 60 %) can be partly explained by the difference in 
pore detection limits of the two methods (BIB-SEM ~ 1,000 nm
2
 pore area at a magnification of 
30,000x and MIP ~ 10 nm
2
 equivalent pore-throat-area); however, comparing total porosities 
measured by BIB-SEM to MIP values at the practical pore detection resolution of BIB-SEM, still 
shows a significant difference of ~ 30-40 %, which can only be attributed to larger pores or cracks 
measured by MIP, which were not measured during BIB-SEM analysis in representative amounts (cf. 
sections 4.2.2, 4.4.2 and 4.4.4). Much larger areas would have to be investigated to cover for these 
pores and even then, part of the porosity measured by MIP may be exceeding the range of pore-sizes 
detectable using BIB-SEM. Moreover, it has been suggested by various authors (e.g. Hildebrand and 
Urai, 2003; Horseman et al., 1996), that Mercury Intrusion Porosimetry on clayey materials, besides 
filling the accessible pore space, might also result in a significant compression of the sample pore 
space and a compaction of the clay fabric, resulting in an erroneous measurement of porosity volumes. 
This may be the case in the low pressure regime, at an initial stage of the experiment (Penumadu and 
Dean, 2000), as well as at very high pressures (> 400 MPa), towards the end of the injection procedure 
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(Hildebrand and Urai, 2003). Thus porosity volumes measured by MIP always have to be interpreted 
with caution. In a follow up study, we plan to inject several samples with a molten metal, similar to 
Mercury, and afterwards image the injected samples using the BIB-SEM method, to be able to directly 
observe, whether the pore space has really been filled by the metal or only been compressed. 
4.4.6. Pore connectivity and conceptual model of the pore space in fine- and coarse-grained 
Boom Clay 
MIP results show that a significant part of the porosity in Boom Clay is connected over the full pore 
size range accessible by MIP (Figure 4.15). But whereas in the most fine-grained sample (EZE54), 
pores < 300 nm pore-throat diameter (equivalent pore-throat area ~ 7x10
4
 nm
2
) contribute to the major 
part of the interconnected pore space, in the most coarse-grained sample (EZE64), much larger pores 
(> 9x10
3 
nm pore-throat diameter; ~ 6x10
7
 nm
2 
equivalent pore-throat area) mainly control the 
interconnected porosity volume. In the other fine-grained sample (EZE55), small pores (< 300 nm 
pore-throat diameter; ~ 7x10
4
 nm
2 
equivalent pore-throat area), as well as much larger pores (> 2x10
3
 
nm pore-throat diameter; ~ 3x10
6
 nm
2 
equivalent pore-throat area) contribute to the interconnected 
porosity volume (Figure 4.15b). This shows that a major part of the connected pore space measured by 
MIP, is below the PPR of the BIB-SEM method. However, for the most coarse-grained sample 
(EZE64), interconnections between larger single pores were observed from BIB-SEM investigations, 
in good agreement with the MIP results; suggesting that the connectivity of the pore space in Boom 
Clay is mainly controlled by the grain-size of the sample, as well as the clay vs. non-clay mineral 
content. 
A more detailed inspection of the MIP data allows for a further interpretation of the pore space 
architecture in Boom Clay: the observed hysteresis in the intrusion vs. extrusion curves from MIP 
(Figure 4.15a) indicates high pore-body to pore-throat ratios (up to 50 in the two fine-grained samples 
and up to 100 in the coarse-grained sample) and an entrapment of Mercury inside the samples after 
drainage (Abell et al., 1999; Matthews et al., 1995; Moro and Böhni, 2002). This phenomenon is 
referred to as ‘ink-bottle-effect’, due to the ink-bottle-like shape of the pores (Diamond, 2000). As a 
result of this, the too slow or incomplete filling of larger pores at pressures corresponding to their 
actual pore-throat sizes, may lead to an erroneous attribution of larger pores to smaller pore-sizes, 
filling at higher pressures, and a shift of the measured pore-throat size distributions towards smaller 
pores-sizes (Romero and Simms, 2008). In the most coarse-grained sample (EZE64), the maximum 
pore-body to pore-throat ratio is twice the one measured for the two fine-grained samples, indicating 
that a part of the porosity in sample EZE64 is connected via pores with much smaller throats, relative 
to their pore-bodies. The entrapment of Mercury inside the samples is mirrored in the sample weight 
gains after drainage. Porosity volumes corresponding to sample weight gains are in good agreement 
with the residual porosities measured after pressure release (cf. section 4.3.5). 
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Power-law analysis of the MIP data, using least square linear regression analysis (cf. section 4.2.4), 
indicates a power-law distribution of pore-throat sizes in Boom Clay, with similar exponents ~ 2 for 
all samples investigated and over the entire pore-throat size range measured, without a distinction 
between pores in the clay-matrix and other non-clay mineral phases (cf. section 4.3.5; Figure 4.15c). 
This substantiates the hypothesized power-law behavior and self-similar characteristics of the pore 
space in Boom Clay (cf. section 4.4.4). Based on the ‘Friesen-Mikula approach’ (cf. section 4.2.4; 
Friesen and Mikula, 1987), several different porosity regimes could be identified in the Boom Clay 
samples investigated, due to significant variations of the intruded Mercury volumes per pressure 
change (Figure 4.15d; Romero and Simms, 2008). Resulting changes in the surface fractal dimension 
Ds (cf. section 4.3.5) indicate changes in the porosity regime, or intrinsic changes in the pore network 
architecture, which can either be a result of sample preparation techniques (e.g. sample drying), or due 
to mechanical alteration during the MIP experiment (i.e. sample compression). We interpret the 
variations of intruded Mercury volumes per pressure change as changes in the pore connectivity 
regime and to correspond to critical pore entry pressures (Urai et al., 2008). All obtained surface 
fractal dimensions are between two and three, thus fulfilling the criteria of a surface fractal structure, 
as defined by Friesen and Mikula (1987) and Bartoli et al. (1999) (cf. section 4.2.4). 
As a result of BIB-SEM microstructural observations and data, we propose the following: the 
connectivity of the pore space in fine-grained Boom Clay (cf. samples EZE54 and EZE55) is mainly 
controlled by pores below the PPR of the BIB-SEM method, but most likely within the clay-matrix, 
whereas an increasing grain-size and non-clay mineral content promote the interconnectivity of larger, 
inter-aggregate pores (cf. sample EZE64). Moreover, an increasing grain-size leads to larger pores of 
type III (within the clay-matrix), in the strain-shadows of rigid clasts (cf. section 4.3.4), as well as 
larger clay – non-clay mineral interfaces, possibly localizing drying-induced damage of the 
microstructure (cf. section 4.4.1; Heath et al., 2011; Klinkenberg et al., 2009). To substantiate our 
model of the Boom Clay microstructure and to be able to confidently discriminate between pores of 
type III and drying artifacts, more detailed investigations are needed. Therefore, in the future, 
cryogenic BIB-SEM investigations on water saturated Boom Clay samples are anticipated, as well as 
Wood’s metal injection experiments in combination with BIB-SEM studies, to be able to visualize the 
connectivity of the pore space in Boom Clay directly and to compare the results to MIP data. In a 
follow-up study, pores characterized in the present contribution in 2D, shall be investigated in 3D, 
using serial focused ion beam (FIB) cross-sectioning in combination with SEM, as well as µ-CT. 
Inferred 3D pore space characteristics, total porosity volumes and volume porosity distributions should 
be compared to the present 2D observations, as well as MIP inferred, indirect bulk sample porosities. 
Moreover, since the comparison of MIP and water content porosities indicates that a significant part of 
the porosity in Boom Clay is below the resolution of MIP and thus as well BIB-SEM and FIB-SEM, 
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additional studies, such as transmission electron microscopy (TEM), or small angle neutron scattering 
are needed to receive information on the small pore-size regime. 
4.5. Conclusions 
BIB-SEM nm-scale microstructural investigations in combination with Mercury Intrusion 
Porosimetry, show that the pore space in fine- and coarse-grained, representative samples of the Boom 
Clay Formation (Mol-1 borehole, Belgium) can be modeled as a combination of characteristic 
microstructural features of different mineral phases (including porosity), together with larger inter-
aggregate pores, occurring preferentially at the boundaries between clay-matrix and non-clay mineral 
grains. The origin of these larger pores is still subject to discussion, but part of them might be induced 
by the drying of the samples. Different mineral phases show characteristic pore morphologies, mineral 
phase internal porosities and pore-size distributions in all different samples investigated. Total sample 
porosities, as well as the connectivity of the pore space seem to be controlled by and increase with the 
sample grain-size and non-clay mineral content. Moreover, the location and distribution of larger non-
clay mineral grains within a sample, appears to be linked to the location of the largest pores and thus 
as well control the spatial distribution of porosity within a sample. Size distributions of pores within 
the clay-matrix, accounting for the majority of pores measured by BIB-SEM, can be described using 
power-laws with constant exponents over several orders of magnitude and similar for all samples 
investigated, irrespective of the sample origin, grain-size distribution and mineralogical composition; 
pointing towards self-similarity of the pore space in Boom Clay, the possibility of up-scaling of our 
observation made on a nm- to µm-scale, and a similar origin of porosity in the different samples 
investigated. Furthermore, the results of the present study show that a major part of the total water 
content porosity in Boom Clay is below the practical pore resolution (PPR) of the BIB-SEM method 
(< 1,000 nm² pore area at 30,000x magnification) and even below the resolution of MIP (< 3.6 nm 
pore throat diameter). BIB-SEM observations made within representative elementary areas of µm² size 
cannot be considered as representative of total bulk sample porosities, due to large pores and/or cracks 
probably existing on a larger scale. However, BIB-SEM results can be considered as representative at 
the scale of observation, and moreover may relate to structural features of the Boom Clay on a larger 
scale. 
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5. Multi-scale characterization of porosity in Boom Clay (HADES-level, 
Mol, Belgium) using a combination of X-ray µ-CT, 2D BIB-SEM and 
FIB-SEM tomography
5
 
 
Graphical abstract 
 
 
Abstract 
The Oligocene age Boom Clay is a potential host material for radioactive waste disposal in Belgium. 
To better understand the physical basis of transport mechanisms of radionuclides, we aim to 
characterize the pore space and its connectivity at nm-scale in 3D. In the present study, X-ray µ-CT 
and FIB-SEM (focused ion beam scanning electron microscopy) tomography were combined, to 
investigate the 3D pore space of a Boom Clay sample from the Mol-1 borehole (depth corresponding 
to the level of the HADES-URF – ‘high activity disposal experimental site underground research 
facility’) at the Mol-Dessel research site for radioactive waste disposal (Belgium). BIB-SEM (broad 
ion beam scanning electron microscopy) was used to bridge the gap in resolutions between X-ray µ-
CT and FIB-SEM and to optimize the selection of a relevant spot for FIB-SEM. Pore network 
extraction (PNE) modeling (Dong and Blunt, 2009) was used to simplify the results into a set of pore 
bodies and pore throats, which are suitable for a statistical description. Resulting pore-size 
distributions are interpreted to be power-law distributed over ~ 6 orders of magnitude, showing the 
scale-invariance of the pore space. We present a conceptual model of the 3D pore network in Boom 
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Clay. The extracted 3D pore network model can be used to estimate transport properties – in digital 
rock models. 
 
Keywords: 
Radioactive waste disposal, Boom Clay, pore space connectivity, FIB-SEM tomography, pore network 
modeling 
 
5.1. Introduction 
There is a rapidly growing interest in the analysis of porosity in fine grained geomaterials using high 
resolution BIB-SEM, FIB-SEM and X-ray µ-CT data. Numerical modeling of effective bulk sample 
physical properties such as permeability, electrical resistivity and diffusivity, as well as of processes 
like single and multi-phase fluid flow, or radionuclide transport in porous media by diffusion and 
migration, needs these data as input (Blunt et al., 2013; Dvorkin et al., 2011). The understanding of 
these processes is relevant for the oil and gas industry, for the safe long term disposal of radioactive 
waste and carbon dioxide (CO2) sequestration. BIB-SEM, FIB-SEM and X-ray µ-CT are moreover 
relevant for studying forms of porous coal or biochar, which is used for example for carbon dioxide 
(CO2) storage (Webber et al., 2013). Recent advances in porous materials characterization, down to 
the nm-scale in 2D and in 3D – e.g. by using multiplex coherent anti-Stokes Raman scattering (CARS) 
microscopy (Cheng, 2007; Cheng and Xie, 2004; Mahmoud and Lobo, 2014; Pohling et al., 2011; von 
Vacano et al., 2007), optical coherence tomography (OCT) with suitable digital post-processing 
(Campello et al., 2014), proton NMR relaxation (NMRR) and NMR cryo-porometry (Webber et al., 
2013), or aberration corrected transmission electron microscopy (TEM) under liquid nitrogen 
conditions (Wiktor et al., 2012), have led to an increasing understanding and improvement of porous 
materials synthesis, characterization and catalysis (Mahmoud and Lobo, 2014). Campello et al. (2014) 
imaged microstructures in porous media and established pore-size distributions in 2D and in 3D using 
optical coherence tomography (OCT) on oil source rock samples and showed that “OCT images in 
combination with digital post processing are suitable to measure pore-size distributions in natural and 
artificial materials, with the advantage of being non-invasive, faster and less expensive than other 
available methods” (Campello et al., 2014). Webber et al. (2013) applied proton NMR relaxation to 
characterize the quantity and mobility of hydrocarbon material in dried shale and carbonate rocks, as 
well as in biochar pores. Moreover, they used NMR cryo-porometry to measure the structure (pore-
size distribution and pore volumes) of the shale and carbonate rocks, as well as of the stable carbon 
skeleton. They found that, combining hydrocarbon mobility information from NMRR with structural 
data from NMRC allows for evaluating the mobility of hydrocarbons in shale or carbonate rocks, 
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calculating the lifetime of labile components in biochar and estimating the lifetime of the stable 
biochar carbon skeleton” (Webber et al., 2013). Wiktor et al. (2012) used aberration corrected 
transmission electron microscopy (TEM) under liquid nitrogen conditions, to image and study intact 
metal-organic framework (MOF) pores in MOF-5 nanocrystals, allowing “detailed analyses of MOF 
interfaces, MOF-nanoparticle interaction and MOF thin films” (Wiktor et al., 2012).  
In the present study, X-ray µ-CT, BIB-SEM and FIB-SEM tomography image analyses are combined 
with pore network extraction modeling (PNE; Dong and Blunt, 2009), to investigate the 3D pore space 
and microstructure of a well characterized Boom Clay sample from the Mol-1 borehole (Mol-Dessel 
research site, Belgium), from the level of depth of the HADES underground research facility (URF). 
The Boom Clay (Rupelian, Lower Oligocene) is, besides the Ypresian clays, one of the potential host 
rocks for the deep geological disposal of high- and medium-level, long-lived radioactive waste in 
Belgium and the Netherlands (ONDRAF/NIRAS, 2013a; Verhoef and Schroeder, 2011). For this 
purpose, chemical and mechanical properties of the low permeable, fine-grained, elasto-plastic Boom 
Clay (Dehandschutter et al., 2004; Ortiz et al., 1997; Volckaert et al., 1995) are investigated in situ, at 
the HADES-URF, located at about 223 meters below the surface in Mol (Belgium) (Bernier et al., 
2007). The clay host rock has to delay and attenuate the radionuclides and other contaminants from 
being released to the biosphere after failure of the engineered barrier system (ONDRAF/NIRAS, 
2011). Since the transport of radionuclides in Boom Clay is mainly controlled by diffusion through the 
accessible pore space (Aertsens et al., 2008a; Ortiz et al., 2002), a detailed characterization of the pore 
space down to nm-scale is required for a full microphysical understanding of the material’s transport 
properties. Moreover, the pore space morphology and its connectivity in 3D are of major interest to 
gain a better understanding of the geo-mechanically anisotropic behavior of the Boom Clay. Standard 
bulk porosity measurements, using Mercury Intrusion Porosimetry (MIP), on dried Boom Clay 
samples give interconnected porosity between 23-40 Vol.-%, accessible through pore throat diameter 
above 3.6 nm (Al-Mukhtar et al., 1996; Boisson, 2005; Dehandschutter et al., 2005b; Hemes et al., 
2013; Hildenbrand et al., 2002, 2004). Other indirect methods, including radionuclide (HTO) diffusion 
experiments, gas generation and migration experiments, gas breakthrough experiments and water 
content porosity measurements are performed on water-saturated samples and result in total porosities 
between 35-49 Vol.-% from HTO (iodide) diffusion experiments (Aertsens et al., 2005a, 2005b, 
2008a, 2008b, 2008d, 2010a, 2010b; Bruggeman et al., 2009), ~ 35 Vol.-% from gas (hydrogen and 
methane) generation and migration experiments (Monsecour et al., 1991; Ortiz et al., 2002), and 
between 36-39 Vol.-% from water content porosity measurements (Boisson, 2005; Hemes et al., 2013; 
Hildenbrand et al., 2002, 2004; Merceron, 1994). A total porosity of ~ 38 Vol.-% was reported in 
FUNMIG (2008) based on density difference calculations. Hildenbrand et al. (2002, 2004) measured 
significantly lower effective transport porosities between 1E-05 to 1E-02 % from gas breakthrough 
experiments and derived pore-size distributions mostly between 8-60 nm (pore radii), suggesting that 
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only a very small fraction of the total porosity in Boom Clay is available for gas flow (Hildenbrand et 
al., 2004). 
All of the above methods allow characterizing bulk transport properties of the Boom Clay. However, 
they yield only indirect information on the connectivity and the morphology of the pore space. For 
direct observations of pore space in fine-grained, clayey materials X-ray µ-CT (micro-computed 
tomography) and SEM (scanning electron microscopy) provides an alternative. X-ray tomography 
currently provides a maximum resolution of ~ 0.027 µm³ voxel-size (Robinet et al., 2012). For 
example, Van Geet et al. (2008) used X-ray µ-CT to visualize the fracture self-sealing behavior in 
Boom Clay at a resolution of 100 µm. First 2D nm-scale direct observations on Boom Clay 
microstructures were made by Baeyens et al. (1985) and Al Mukhtar et al. (1996), using SEM on 
broken surfaces of Boom Clay samples, but these studies suffered from the low quality of the resulting 
SEM-images, due to the rough sample surfaces. Recent progress in broad- and focused-ion-beam (BIB 
and FIB) milling (Alani, 2004; Desbois et al., 2008; Holzer and Cantoni, 2012; Holzer and Muench, 
2007; Holzer et al., 2006, 2007; Langford and Petford-Long, 2001a; Langford et al., 2001; Matsuo and 
Adachi, 1982) overcomes this problem, by providing atomically smooth cross-sections for SEM at 
high resolutions. BIB milling produces cross-sections of a few mm² to cm² (Desbois et al., 2013a), 
enabling to analyze representative elementary areas (REAs) (Desbois et al., 2009a; Hemes et al., 2013; 
Houben et al., 2013, 2014b; Klaver et al., 2012; Loucks et al., 2009). Desbois et al. (2013a) conducted 
first experiments using serial BIB cross-sectioning inside a SEM, in order to gain information on 
microstructures in 3D, but slice thickness was insufficient to provide 3D resolution for pore space 
connectivity analyses. In contrast, Ga+-FIB-SEM tomography is a powerful tool to investigate the 
pore space of argillaceous materials in 3D, down to a few nanometers in resolution (Heath et al., 2011; 
Holzer and Cantoni, 2012; Houben et al., 2014a; Keller et al., 2011; Möbus and Inkson, 2007; Uchic 
et al., 2011). However, FIB also suffers from limitations, e.g. regarding the size of the sample volumes 
available for 3D pore space analysis, of maximal several hundred µm³. Representative volume element 
(RVE) calculations on clayey materials (Keller et al., 2013b) have shown that typical FIB-SEM 
tomography volumes are smaller than the sizes of representative volume elements and characteristic 
length scales of spatial homogeneity, regarding the porosity distribution in clayey materials. Thus, 
either larger, or more samples have to be investigated (Kanit et al., 2003; Keller et al., 2013b). Without 
additional information on larger scale microstructure, Ga
+
 FIB-SEM analyses are blind in choosing 
representative locations. As proposed by Desbois et al (2013a), due to their complementary and 
overlapping resolution ranges, X-ray µ-CT, BIB-SEM and FIB-SEM tomography are combined to 
gain information on the distribution of different mineral phases in a sample, the relation between 
porosity and the different mineral phases, as well as the porosity distribution at very high resolution. 
Keller et al. (2011, 2013a) and Houben et al. (2014a) used Ga+-FIB-SEM tomography to characterize 
the pore space in Opalinus Clay (Mont Terri, Switzerland), with a resolution of 10-20 nm and showed 
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that pore throats in Opalinus Clay are mostly below 10 nm in diameter and thus not resolvable by 
Ga+-FIB-SEM. Recent studies of Boom clay (Hemes et al., 2013) suggest that pore throats in this 
material are large enough to be resolved by Ga+-FIB-SEM and larger pores can be resolved by X-ray 
µ-CT. 
The 3D pore space in fine grained geomaterials is too complex to be described by simple stereological 
concepts (Russ and Dehoff, 2000) alone. In the present study, we therefore used a pore network 
extraction (PNE) modeling approach after Dong and Blunt (2009), to simplify and analyze the pore 
space connectivity, the pore body and pore throat size distributions, as well as the orientation of the 
pore throats. Pore network modeling has so far been applied to X-ray µ-CT data of coarse-grained 
porous materials, like sandstones (Al-Kharusi and Blunt, 2007; Blunt et al., 2002; Dong and Blunt, 
2009; Okabe and Blunt, 2004; Tsakiroglou and Payatakes, 2000; Zhao et al., 2010) and/or carbonate 
rocks (Al-Kharusi and Blunt, 2007; Okabe and Blunt, 2004, 2007; Zhao et al., 2010), but until now, 
never to high resolution (nm-scale) porosity data of fine-grained, argillaceous materials. 
This contribution builds on 2D BIB-SEM results by Hemes et al. (2013) to select relevant spots for 
high-resolution 3D FIB-SEM tomography and to bridge the gap in resolutions between 3D X-ray µ-
CT and Ga+-FIB-SEM tomography. Thus, this approach enables analyzing the 3D pore space at two 
different scales of resolution: (1) X-ray µ-CT, for pore-sizes in the range between 100 - 7 µm 
(equivalent pore diameter), and (2) FIB-SEM, for pore-sizes between 5 µm and 40 nm (equivalent 
pore diameter). The resulting 3D porosity volumes are modeled in 3D pore networks using PNE and 
results are compared to bulk sample Mercury Intrusion Porosimetry (MIP) data on the same reference 
sample (Hemes et al., 2013). 
5.2. Samples and Methodology 
5.2.1. Sample characteristics and sub-sample preparation 
We studied the same Boom Clay sample ON-Mol-1-196 as analyzed by Hemes et al. (2013). The 
sample originates from a depth of -196 meters (TAW ) from the Mol-1 borehole, corresponding to the 
level of depth of the HADES-URF at the Mol-Dessel research site (Belgium), where most of the 
methodological studies on Boom Clay are being carried out (ONDRAF/NIRAS, 2013a). The sample is 
a very fine-grained example of Boom Clay, with a peak in grain-size distribution below 1 µm (grain 
diameter) and a median grain-size of ~ 1.4 µm (Hemes et al., 2013). XRD and bulk rock analysis 
(Zeelmaekers, 2011) give a mineralogical composition of ~ 52 dry wt.-% clay, consisting of about 40 
dry wt.-% Illite and Smectite, ~ 9 dry wt.-% Kaolinite and ~ 3 dry wt.-% Chlorite; the remaining ~ 
48 % non-clay minerals are composed of ~ 32 dry wt.-% Quartz, 7 dry wt.-% Feldspars, 4 dry wt.-% 
Calcite, 2 dry wt.-% Plagioclase, 2 dry wt.-% Pyrite and ~ 1 dry wt.-% organic matter. 
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Prior to sample drying, which is required for BIB-SEM and FIB-SEM analyses, the wet-preserved 
sample core of 10 cm diameter and ~ 30 cm length, was sub-sampled using a rotary diamond saw at 
low speed. Samples suitable for FIB-SEM/BIB-SEM and X-ray µ-CT are 0.5 x 0.5 x 1 cm; these were 
cut off the sub-sample using a razorblade. To minimize the evolution of drying artifacts, sample pieces 
were afterwards slowly dried in an oven, increasing the temperature gradually in 5-10°C steps from 
ambient temperature (~ 23°C), up to 100°C, over a period of time of 10 days (Hemes et al., 2013). 
Cylindrical samples for X-ray µ-CT (~ 2 mm in diameter and ~ 0.5 cm in sample height) were 
prepared after drying, using carbide grinding papers (grit sizes P500-2400, ISO/FEPA Grit), by 
manual polishing. For FIB-SEM tomography and BIB-SEM, the surface of the dried, cuboidal-shaped 
sample piece (~ 0.5 x 0.5 x 1 cm) was pre-polished by the same method; afterwards the sample was 
glued onto a sample holder for BIB- and FIB-SEM analyses. 
 
Figure 5.1: Results by Hemes et al. (2013), relevant for the present study. (a) BIB-SEM area analyzed, 
location and orientation of FIB-SEM tomography (present study) and orientation of the sample bedding. 
b) Typical 2D pore morphologies within the fine-grained clay matrix of sample ON-Mol-1-196 – HADES-
level Boom Clay. c), d) Results of representative elementary area (REA) calculations using ‘box counting 
method’ (Kameda et al., 2006) on mineralogical composition (c) and on segmented porosity data (d). 
BIB cross-sectioning was performed using a JEOL SM-09001 cross-section polisher at 6 kV for 7.75 
hours, with the broad ion beam hitting the shielded sample surface perpendicular to the sample 
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bedding, in such a way that the resulting polished cross-section of ~ 1 mm² is also oriented 
perpendicular to the sample bedding (Figure 5.1a). A detailed description of the BIB-SEM method is 
given in Hemes et al. (2013). The FIB-SEM experiment was carried out on the same sample piece, 
with the FIB slicing in the z-direction – parallel to the sample bedding and parallel to the BIB cross-
section surface. The resulting FIB-SEM slices are thus oriented perpendicular to the sample bedding, 
which is parallel to the yz-plane, and perpendicular to the BIB-SEM cross-section surface, oriented 
parallel to xz (Figure 5.1a). Based on the results by Hemes et al. (2013), an area within the clay-matrix 
of the sample was chosen for FIB-SEM tomography (Figure 5.1a, b). 
5.2.2. X-ray µ-CT 
X-ray computed micro-tomography (Jovanović et al., 2013; Ketcham and Carlson, 2001) was 
performed at the University of Mainz (Institute of Geosciences), using a custom-built µ-CT scanner 
(ProCon CT Alpha, Germany). The µ-CT is equipped with a micro focus X-ray tube (Feinfocus, 
Germany), featuring a diamond-coated anode target, with a focal spot size of a few micrometers and a 
flat panel CCD detector (Hamamatsu, Japan), with a size of 105 mm x 105 mm and a maximum 
resolution of 2048 x 2048 pixels. The sample was scanned with the X-rays set to 55 kV source 
voltage, and a current of 0.2 mA at the target. X-rays are filtered by a 0.65 mm thick aluminum plate, 
in order to reduce beam hardening artifacts (Jovanović et al., 2013; Ketcham and Carlson, 2001). The 
detector resolution was set to 1024 x 1024 pixels and 800 projections were acquired during a rotation 
of 360°, corresponding to a rotation step-size of 0.45°. For each rotation step, 10 projections were 
captured and averaged for noise reduction; the total acquisition time per step was 10 seconds. Slice-
images were recorded with a resolution of 1023 x 1023 pixels and a pixel-size of 2.5 x 2.5 µm; the 
inter-slice spacing was also 2.5 µm, resulting later on in a voxel-size of 15.625 µm³. The “loss” of one 
pixel from detector to slice resolution is due to a hardware-based ring artifact reduction, which 
repeatedly moves the detector back and forth by one pixel, during the measurement. In total, 938 slice-
images were stacked to generate a 3D dataset. 
5.2.3. FIB-SEM tomography 
FIB-SEM tomography was performed at the Natural and Medical Sciences Institute (NMI) at the 
University of Tübingen (Reutlingen, Germany), using a Zeiss AURIGA FIB-SEM and following a 
procedure described in Holzer et al. (2006) and Schröppel et al. (2012). Images were recorded using a 
secondary electron (SE2) detector, with the following settings applied during the FIB-SEM slice and 
view procedure; FIB-milling was performed at a current of 500 pA and with an electron voltage of 30 
keV. Single FIB slices were cut at a distance of 15 nm between each successive slice and SE2-images 
were taken at an electron voltage of 2 keV, with a probe current between 600-800 nA. The working 
distance was 5 mm and a magnification of 20,000x, resulting in a pixel-size of 14.84 x 14.84 nm. The 
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cycle-time during image acquisition was 33.4 seconds, the sample tilt angle 36° and the tilt axis 90°. In 
total, about 300 FIB slices were cut and SEM images taken. 
5.2.4. Pre-processing of the FIB-SEM and X-ray µ-CT data 
All 2D image-processing steps, prior to volume rendering and 3D visualization, are illustrated in 
Figure 5.2. Single FIB-SEM and µ-CT images were re-aligned using the Fiji/ImageJ (Abramoff, 2004) 
plugins ‘StackReg’ or ‘TurboReg’ (Thévenaz et al., 1998); volumes of interest were also cropped in 
Fiji/ImageJ, using the plugin ‘VolumeJ’ (Abràmoff and Viergever, 2002). A destriping filter 
(‘xStripes.jar’) by Münch et al. (2009) was applied on the FIB-SEM image-stack, to eliminate vertical 
curtaining irregularities, which form during ion-beam milling of heterogeneous materials. Image 
enhancement filters, including background equalization (‘GradientXTerminator’; Russel Croman 
Astrophotography, 2008) noise reduction (median filter) and sharpening of pore edges, were applied in 
Adobe Photoshop (Adobe creative suite 5, 2010), to improve the quality of the subsequent semi-
automatic porosity segmentation (Figure 5.3). Reconstruction of the FIB-SEM and µ-CT volumes and 
analysis of the segmented pore space (see section 5.2.7), was carried out using the 3D visualization 
software Avizo (FEI Visualization Sciences Group (VSG), 2012). 
5.2.5. Porosity segmentation 
The process of semi-automatic porosity segmentation, illustrated in Figure 5.3, was carried out on 2D 
FIB-SEM and X-ray µ-CT (pre-processed) image-stacks, using Fiji/ImageJ (Abramoff, 2004) and 
Avizo (FEI Visualization Sciences Group (VSG), 2012) integrated functions. Afterwards, the 2D 
segmented porosities were reconstructed into 3D volumes in Avizo (FEI Visualization Sciences Group 
(VSG), 2012; Figure 5.2). Automatic porosity segmentation, especially on very high-resolution data, is 
non-trivial, due to the complexity of the pore morphologies, noise in grey-scale SE2-images and the 
high focus-depth of SEM-imaging. In addition, imaging of larger pores can produce grey-scale 
gradients inside the pores and at the pore boundaries (Hemes et al., 2013; Houben et al., 2013, 2014b). 
To obtain realistic porosity segmentations, in the present study, a combination of thresholding (‘Huang 
threshold’; Huang and Wang, 1995) in Fiji/ImageJ (Abramoff, 2004) and watershed segmentation 
(‘watershed transform of the Euclidean distance map’; van Dalen and Koster, 2012) in Avizo (FEI 
Visualization Sciences Group (VSG), 2012) was applied to the FIB-SEM data, whereas for the X-ray 
µ-CT data, thresholding alone already delivered satisfying segmentation results. Finally, for the FIB-
SEM data, a manual cleaning of the results was applied in Avizo (FEI Visualization Sciences Group 
(VSG), 2012; Figure 5.3). 
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Figure 5.2: Image pre-processing steps for FIB-SEM and X-ray µ-CT porosity analyses. 
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Figure 5.3: Semi-automatic porosity segmentation, carried out in Fiji/ImageJ (Abramoff, 2004) and Avizo 
(FEI Visualization Sciences Group (VSG), 2012), using automatic thresholding (‘Huang threshold’; 
Huang and Wang, 1995), watershed segmentation (van Dalen and Koster, 2012) and manual cleaning of 
the automatic segmentation results; the latter two steps were only applied to the FIB-SEM data. 
5.2.6. Evaluation of investigated area and volumes representativeness 
In the present study, a method based on the principles of local porosity theory – after Biswal et al. 
(1998), Hilfer (2000), Hilfer and Helmig (2004) and Hu and Stroeven (2005) – was applied, using 
covariance analysis, to check for the spatial homogeneity of a certain property at the scale of 
observation (Keller et al., 2013b), and to calculate the relative error of the property estimation, based 
on the size of the analyzed volume element and the number of realizations of that volume (Kanit et al., 
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2003; Keller et al., 2013b); definitions used in the present study are from Kanit et al. (2003) and Keller 
et al. (2013b): 
After Kanit et al. (2003), the covariogram K(X, h) is defined as “the measure of the intersection of the 
set (X) (surface in 2D and volume in 3D) and the translated version of the set (X), by the distance h (X-
h)”, applied to the measurement of porosity (Φ), this gives: 
K(X, h) = Φ (X ∩ X-h) = ∫ k(x) k (x + h) dx (Equation 5.1). 
k(x) is defined as: k(x) = 1, if x ∈ (X) and k(x) = 0, else (Equation 5.2). 
The covariance function C(X, h) was also defined after Kanit et al. (2003), as “the probabilistic version 
of the covariogram for a stationary set (X)” and describes the probability (P) of two points (x) and (x + 
h), to be in the set of (X), with C(X, h) = P {x ∈ X, x + h ∈ X} (Equation 5.3). 
The covariance typically tends to an asymptotic theoretical value. If this value is reached, before 
ℎ  ∞, for example for a value h = A, “the points of the structure with a distance larger than A are not 
correlated” (Jeulin, 2010; Kanit et al., 2003; Matheron, 1971; Serra, 1982), and after Kanit et al. 
(2003) “this distance (A) is the range of the covariance”. The covariance range was interpreted as the 
length scale at which the pore space reaches a certain level of spatial homogeneity at the scale of 
observation, i.e. the resolution (Keller et al., 2013b; Figure 5.6). This approach can be applied to all 
directions in space – with respect to the direction of translation of h – and will provide different values 
of A, as a measure of the degree of microstructural anisotropy. 
Relative errors (Ɛr) of porosity estimations were calculated after Keller et al. (2013b) and Kanit et al. 
(2003), based on the size of the analyzed sample volume (V) and the number of realizations (N) of that 
volume element, using: Ɛr = 2 DΦ(V) / (Φmean N
1/2
) (Equation 5.4; Keller et al., 2013b). 
DΦ(V) is the standard deviation of porosity, measured within the volume V, i.e. the square root of the 
variance of porosity (Keller et al., 2013b), which is given by: 
DΦ
2
(V) = Φmean (1 − Φmean) A3 / V
α
 (Equation 5.5; Kanit et al., 2003; Keller et al., 2013b). 
A3 is the integral range and “gives information on the domain size of the pore structure for which the 
measured porosity within the volume V has a good statistical representativity” (Kanit et al., 2003; 
Keller et al., 2013b), and α is the coefficient, which controls the slope of the fit to the variance of 
porosity, plotted against L, the length of the measuring cell, on a double logarithmic scale. For 
approximation of the integral range (A3), the variance DΦ
2
(V) is computed for porosities measured 
within the respective cells of size V; afterwards, the integral range (A3) can be obtained by fitting 
equation 5.5 to the data. Note that the mean value of porosity is in each case related to the 
microstructural level of observation, i.e. the resolution. In the present study, covariance analysis was 
used to determine the relative errors of porosity estimations within the analyzed X-ray µ-CT and FIB-
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SEM sample volumes in 3D, as well as within the BIB-SEM cross-section area analyzed by Hemes et 
al. (2013) in 2D. Moreover, the results should substantiate REA calculations using ‘box-counting 
method’, after Kameda et al. (2006), presented in Figure 5.1c-d (Hemes et al., 2013). Covariance 
functions were used to estimate the length scales at which a certain degree of spatial homogeneity of 
porosity can be expected at the respective scales of observation (i.e. the resolutions of X-ray µ-CT, 
BIB-SEM and FIB-SEM). 
5.2.7. Pore space analysis 
 Volume rendering and connected component analysis 
To visualize the 3D geometry of the pore space and for qualitative inspection of the data, volume 
rendering of 2D segmented porosities was done in Avizo (FEI Visualization Sciences Group (VSG), 
2012; Figure 5.2). To quantify the porosity, an Avizo built-in function (‘connected component 
analysis’; FEI Visualization Sciences Group (VSG), 2012) was used, which automatically detects 
connected porosity volumes, down to a minimum threshold size (set to 10 voxels), resulting in 
smallest connected porosity volumes of ~ 3.3E+04 nm³ for the FIB-SEM data and ~ 156 µm³ for the 
X-ray µ-CT data.  
Table 5.1: Terms and definitions used in the present study, to describe the pore space in 3D. 
 
Porosity volumes are interpreted to be connected in 3D, if they share at least one common voxel-face. 
Output data from connected component analysis are the connected porosity volumes and their center 
positions in x-, y- and z-coordinates. Table 5.1 summarizes all definitions of pore space, connected 
porosity volumes, pore networks, pore bodies and throats, as well as pore throat diameters, used in the 
present contribution. 
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 Pore network extraction (PNE) modeling; after Dong and Blunt (2009) 
Input data for pore network extraction (PNE) modeling are the 2D segmented porosity image-stacks 
from FIB-SEM and X-ray µ-CT, saved as 3D binary tiff-files, with pores in black (= 0) and sample 
material in white (= 1). The pore network extraction (PNE) code used in the present study, is the latest 
version of a network extraction code by Dong and Blunt (2009), by courtesy of the group of Martin 
Blunt at Imperial College London (UK, Department of Earth Science and Engineering). The process is 
based on the so called ‘maximum ball approach’, after Silin and Patzek (2006, 2003), where maximum 
spheres are fitted to and centered on each voxel of the pore space. Afterwards, the spheres are 
classified into pore bodies and pore throats by a successive ranking and clustering process, as 
described in Dong and Blunt (2009). The largest spheres are defined as ‘masters’ and form the pore 
bodies, whereas the chains of successively smaller spheres connecting them are called ‘slaves’ and 
represent the pore throats. At a local minimum sphere between two pore bodies (maxima or ‘master’ 
spheres), the interconnecting pore throat diameter (dt = 2*rt; Figure 5.4) is measured (Dong and Blunt, 
2009). For a more detailed description of the method, see Silin and Patzek (2006, 2003), Al-Kharusi 
and Blunt (2007), as well as Dong and Blunt (2009); and for an up to date review of pore-scale 
imaging and pore network extraction modeling, we refer to Blunt et al. (2013). 
 
Figure 5.4: Illustration of the most important output parameters from pore network extraction (PNE) 
modeling  (modified after Dong and Blunt, 2009). Ri and rj are the pore body radii, rt is the radius of the 
connecting pore throat and lij is the total pore throat length, measured from the center of pore i to the 
center of pore j. 
For further analysis, measured pore body and pore throat volumes, as well as the interconnecting pore 
throat diameters (dt) were used. The pore body volumes describe the pore space, whereas the pore 
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throat volumes comprise all the spheres along a connecting pore throat chain (Dong and Blunt, 2009). 
Here it is important to note, that sphere equivalent pore body and pore throat diameters, calculated 
from the pore body and throat volumes, are significantly larger than the diameters (di/j and dt), 
measured from the radii of the largest and smallest spheres (ri/j and rt; Figure 5.4), respectively. 
Further important output parameters are the coordination numbers of the pore bodies (CN = number of 
connected pore bodies) and the pore throat total lengths (lij), which are the distances from the center of 
one pore body (i) to the center of the connected pore body (j) (Figure 5.4). 
Moreover, dimensionless shape factors (G = volume * length / surface area²; Dong, 2007) are 
extracted for the pore bodies and the pore throats, describing the pore surface morphologies (i.e. the 
larger the shape factor (G), the more regular or smooth is the pore surface). The positions of the 
centers of all pore bodies (in x-, y- and z- coordinates) were used to perform a nearest neighbor 
analysis, giving the distance of a pore body to its (potentially connected) nearest neighbor, which was 
then compared to the respective connecting pore throat’s total length. Moreover, after conversion of 
the pore throat locations from Cartesian (x, y, z) to spherical (φ, θ) coordinates (Figure 5.5b), a pore 
throat orientation analysis was performed, resulting in a density distribution of the angles phi (φ) and 
theta (θ), indicating the preferred pore throat orientations, with respect to the orientation of the x-, y- 
and z-axes. 
 
Figure 5.5: Orientation data analysis. a) Orientations of the sample bedding, parallel to yz, and the BIB-
SEM cross-section area analyzed by Hemes et al. (2013), parallel to xz; the direction of FIB-SEM slicing 
was in the z-direction. b) Conversion of Cartesian (x, y, z) coordinates to spherical (φ, θ) coordinates, used 
for pore throat orientation analysis (section 5.2.7). 
 Analysis of pore-size distributions from FIB-SEM and X-ray µ-CT (in 2D and in 3D) and 
comparison to 2D BIB-SEM pore-area distributions (Hemes et al., 2013) 
Following the findings of Klaver et al. (2012), Houben et al. (2013, 2014b) and Hemes et al. (2013), 
2D pore area distributions in clayey materials can be described using power-laws. To link the 
observations made at different levels of resolution and to bridge the gap in representative pore 
detection ranges (PPRs) between X-ray µ-CT and FIB-SEM, pore-area distributions obtained from the 
analysis of 2D X-ray µ-CT and FIB-SEM image-stacks were compared to pore area data from 2D 
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BIB-SEM investigations by Hemes et al. (2013), carried out on the same reference sample (ON-Mol-
1-196) and within a representative elementary area (REA; Figure 5.1a) of about 2.4E+04 µm². Since 
the BIB-SEM cross-section surface was oriented perpendicular to the sample bedding (Figure 5.1a; 
section 5.2.1) and parallel to the xz-plane, 2D pore areas from FIB-SEM and X-ray µ-CT image-stacks 
should be measured within the same orientation of the image-stacks. Therefore, FIB-SEM and X-ray 
µ-CT image-stacks were re-sliced in Avizo (FEI Visualization Sciences Group (VSG), 2012) and 
orientations corresponding to the orientation of the BIB-SEM cross-section surface, i.e. parallel to the 
xz-plane (Figure 5.1a), were used for pore area analysis. To compare the 3D pore body and pore throat 
volume distributions from PNE (see above) to 2D pore area data, the 3D volumes were converted into 
corresponding cross-sectional areas, assuming spherical pores. A non-linear binning of always 
doubling the subsequent bin-size and starting with a bin-size of one, was used for the pore area 
distribution analyses (Hemes et al., 2013; Houben et al., 2013, 2014b; Klaver et al., 2012). To check 
for a hypothesized power-law behavior of pore-size distributions, pore-size frequencies (Ni) per bin 
were normalized by the bin-sizes (Si) and the size of the area analyzed (Smosaic) and plotted against the 
centers of the respective bins (bi), on a double logarithmic scale. Power-law exponents (D) can be 
derived from the slopes of the linear fits to the log-log pore-area distributions, using the following 
equation (Equation 5.6): 
Log (Ni  / (Si · Smosaic)) = − D · log (bi) + log (C) 
 (Equation 5.6; Hemes et al., 2013; Houben et al., 2013, 2014b; Klaver et al., 2012). 
C is a constant of proportionality. 
5.2.8. Mercury Intrusion Porosimetry (MIP) 
Mercury Intrusion Porosimetry (MIP) data from Hemes et al. (2013) on the same reference sample 
(ON-Mol-1-196), were compared to results of PNE modeling on FIB-SEM and X-ray µ-CT data; the 
number fraction distribution of pore bodies and pore throats from PNE was plotted together with the 
porosity volume intrusion distribution from MIP against the pore diameters, using the binning of the 
MIP data (Hemes et al., 2013; Figure 5.15). The comparison is relevant, since the major porosity 
volume intrusion regimes from MIP should correspond to the peaks in the pore body and pore throat 
frequency distribution and thus correlate with the pore-size ranges, controlling the major connectivity 
of the pore space in fine-grained Boom Clay. Moreover, the comparison should help to evaluate the 
representativeness of our investigations, since Mercury Intrusion Porosimetry is carried out on bulk 
sample volumes. Washburn’s equation (Washburn, 1921) was used to relate porosity volumes intruded 
per pressure step (Pi) to the access pore throat diameter (d), via: 
Pi = − 4 γ cos ϑ / di (Equation 5.7; Washburn, 1921). 
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Pi are the Mercury injection pressures, between 58.6 kPa and 413.3 MPa (Hemes et al., 2013), γ is the 
surface tension of the Mercury (~ 0.484 N/m at 25°C; after Kemball, 1946 and Nicholas et al., 1961); 
𝜗 is the contact angle between the Mercury and the pore walls (~ 139° for Bentonite and 
Montmorillonite clays and ~ 147° for Illite and Kaolinite clay; after Diamond, 1970) and di are the 
resulting pore throat entry diameters, between 25.3 µm, down to 3.6 nm (Hemes et al., 2013). 
MIP is able to access interconnected porosity volumes, only and moreover, assumes the pore space to 
consist of entirely cylindrically shaped pores. 
5.3. Results 
5.3.1. 2D BIB-SEM and Mercury Intrusion Porosimetry (MIP) results from Hemes et al. 
(2013), relevant for the present study 
Hemes et al. (2013) investigated the 2D porosities in four representative samples of the Boom Clay 
Formation from the Mol-1 borehole (Zeelmaekers, 2011 sample series), at the nm-scale resolution and 
within representative elementary areas (REAs) of BIB cross-sections, using scanning electron 
microscopy (SEM) (Figure 5.1a). The most important outcomes of the study are that the majority of 
the nano-porosity in typical fine-grained, clay-rich (≥ 50 dry wt.-% clay) Boom Clay resides within the 
clay-matrix. Characteristic pore morphologies and total porosities were identified in different mineral 
phases (Figure 5.1b) and BIB-SEM, as well as MIP results suggest most of the pore space connectivity 
in fine-grained Boom Clay to be controlled by small pores within the clay-matrix of the samples. For 
the sample investigated in the present study (ON-Mol-1-196; HADES-level), representative 
elementary area (REA) calculations using the so called ‘point or box counting method’ (after Kameda 
et al., 2006 and Houben et al., 2013), resulted in REAs of about 5.6E+03 µm², based on the 
mineralogical composition segmented within a BSE-image mosaic (Figure 5.1c) and ~ 7.1E+03 µm², 
using the ‘box counting method’ on automatically segmented porosities (Figure 5.1d), within the SE2-
image mosaic shown in Figure 5.1a. The total BIB-SEM resolved porosity in sample ON-Mol-1-196, 
down to a practical pore detection resolution (PPR) ~ 960 nm² (= 10 pixels), was ~ 12 % of the 
representative area analyzed (~ 2.4E+04 µm²; Figure 5.1a). The total MIP connected porosity volume, 
within a pore throat diameter range between 25.3 µm down to 3.6 nm (see section 5.2.8), was 26.5 
Vol.-%, and major Mercury intrusion peaks were identified between 60-74 nm pore throat diameter, as 
well as ~ 2 µm (Hemes et al., 2013; Figure 5.15). The total water content, measured by Hemes et al. 
(2013) from the weight loss of the sample during oven drying, was ~ 18 % of the wet sample weight, 
resulting in a total water content calculated porosity of 36 Vol.-%, using an average grain density of 
2.6 g/cm³ and a density of the pore water of ~ 1.02 g/cm³ (De Craen et al., 2004a). The differences 
between the total water content calculated porosity and the MIP measured interconnected porosity 
volume (1), as well as the total BIB-SEM observed porosity (2), were interpreted to be (1), either due 
to isolated pore bodies, or porosity volumes connected via pore throats smaller than 3.6 nm in 
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diameter, and (2), resulting from larger pores and/or drying artifacts, existing within the bulk sample 
volume analyzed during MIP. 
The comparison of Mercury intrusion vs. extrusion curves allows estimating pore body to pore throat 
size ratios, giving values between 1.3 and 47 for the sample investigated in the present study, which 
hints towards an ‘ink-bottle-like’ shape of the pores (Abell et al., 1999; Diamond, 2000; Hemes et al., 
2013; Matthews et al., 1995; Moro and Böhni, 2002). 
5.3.2. Estimation of the analyzed samples’ representativeness, using covariance analysis 
Variance and covariance analyses on segmented porosities from X-ray µ-CT and FIB-SEM 
tomography, within analyzed sample volumes of ~ 4.78 mm³ (X-ray µ-CT) and ~ 377.24 µm³ (FIB-
SEM), respectively, give relative errors of ~ 26 % (N=1), 8.5 % (N=10) and ~ 3 % (N=100) for the X-
ray µ-CT data (Figure 5.6a), and ~ 40 % (N=1), 12 % (N=10) and ~ 3.5 % (N=100), for the FIB-SEM 
data (Figure 5.6c). Using a 2D version of the approach on BIB-SEM porosities, segmented within the 
SE2-image mosaic of ~ 2.4E+04 µm², shown in Figure 5.1a (Hemes et al., 2013), results in a relative 
error of the porosity estimation (for N=1) ~ 5 % (Figure 5.6b). 
 
Figure 5.6: Results of variance and covariance analysis after Kanit et al. (2003) and Keller et al. (2013b) 
on segmented porosity data from X-ray µ-CT (a) and FIB-SEM (c) in 3D, as well as 2D BIB-SEM porosity 
data (b) (Hemes et al., 2013). Relative errors of porosity estimations are shown in dependence of the size of 
the analyzed volume/area and for a given number of realizations (N = 1, 10, 100). Moreover, the range of 
the covariance (µm) is indicated, suggesting the characteristic length scale at which a certain degree of 
spatial homogeneity can be expected for the analyzed property of porosity, at the respective level of 
microstructural observation (i.e. resolution). 
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Characteristic length scales of spatial homogeneity of the observed porosities at the respective levels 
of resolution, are ~ 40 µm for the X-ray µ-CT data (Figure 5.6a), ~ 10 µm based on 2D BIB-SEM 
porosity analysis (Figure 5.6b) and in the range between 1-2 µm for covariance analysis on segmented 
porosities from FIB-SEM tomography (Figure 5.6c). 
5.3.3. Pore space characteristics from X-ray µ-CT 
Automatic porosity segmentation, as described in section 5.2.5 and illustrated in Figure 5.3, on X-ray 
µ-CT data of sample ON-Mol-1-196 (Figure 5.7a), reveals a total porosity of ~ 0.85 Vol.-% by 
connected component analysis in Avizo (FEI Visualization Sciences Group (VSG), 2012; Figure 
5.7b), down to smallest connected porosity volumes of ~ 156 µm³ (= 10 voxels). In total, 15,322 
connected components were detected (Figures 5.7b and 5.8a). The five largest detected connected 
porosity volumes are between 3.7E+05 and 7.4E+05 µm³ and account for between 0.91 and 1.82 % of 
the total resolved porosity (Figure 5.7c). The porosity volume frequency distribution shows a peak ~ 
400 µm³, whereas porosity volumes between 9.1E+03 and 7.3E+04 µm³ contribute to the major 
fraction of the total resolved pore space (Figure 5.7d). 
 
Figure 5.7: Results of X-ray µ-CT porosity analysis. a) Total analyzed, reconstructed sample volume (~ 
4.78 mm³). b) Results of connected component analysis in Avizo (FEI Visualization Sciences Group (VSG), 
2012), showing the volume rendered pore space, consisting of 15,322 connected components down to a 
minimum size of 10 voxels (= 156 µm³) and covering ~ 0.85 % of the total analyzed sample volume (a). c) 
Five largest detected connected components at the scale of observation of X-ray µ-CT (voxel-size = 15.6 
µm³). d) Number fraction and total porosity volume contribution distributions of connected components 
from X-ray µ-CT porosity analysis. 
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Figure 5.8a visualizes the results of connected component analysis on X-ray µ-CT data, showing every 
internally connected porosity volume in a different color. In Figure 5.8b, a zoom into the porosity 
volumes is depicted, showing a rather homogeneous spatial distribution of the different porosity 
volumes, with roundish, smooth pore morphologies and low surface area to volume ratios. Single 
porosity volumes are between 156 to 7.4E+05 µm³ in size and at distances ~ 30 µm (geometric mean) 
to each other. 
 
Figure 5.8: Visualization of the results of connected component analysis (FEI Visualization Sciences 
Group (VSG), 2012) on X-ray µ-CT data. a) All resolved connected components shown in different colors 
per connected porosity volume, at the scale of observation of X-ray µ-CT. b) Zoom into the connected 
components, displaying roundish and smooth pore morphologies, with relatively low surface area to 
volume ratios and sizes between 156 to 7.4E+05 µm³; the distances between single isolated porosity 
volumes are ~ 30 µm (geometric mean). 
Quantitative pore space connectivity analysis, using pore network extraction (PNE) modeling (section 
5.2.7) on X-ray µ-CT data, confirms the results of connected component analysis, by showing a total 
number of 13,111 extracted pore bodies, but only 4,746 pore throats (Figure 5.9a). Pore body and pore 
throat size distributions from PNE (Figure 5.9b) are similar to the porosity volume distribution of 
connected components (Figure 5.7d). However, showing a shift of the number fraction distribution of 
pore throats towards smaller pore-sizes, resulting in a peak ~ 400 µm³, but with smaller pore-sizes, 
down to ~ 17 µm³ existing, and a shift of the number fraction distribution of pore bodies towards 
larger pore-sizes, with a peak ~ 1.1E+03 µm³ pore body volume. The total porosity volume 
contributions of pore bodies and pore throats are shifted towards smaller pore-sizes, showing peaks 
between 1.1E+03 to 3.2E+03 µm³ for the pore throats and ~ 9.1E+03 µm³ for the pore bodies (Figure 
5.9b). These observations can be simply explained by the differentiation between pore bodies and pore 
throats during PNE, whereas during connected component analysis, pore throats are incorporated in 
and measured as part of the connected porosity volumes. Further connectivity analysis substantiates 
the low interconnectivity of the pore space at the resolution of X-ray µ-CT, with pore body 
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coordination numbers mostly below five and clear peaks in the frequency, as well as total porosity 
volume contribution distributions of pore body coordination numbers at zero, indicating isolated pore 
bodies (Figure 5.9c). Pore shape factor analysis shows only a low dependency of the pore shape on the 
size (volume) of the pores, however, a slight increase in the average pore body coordination number 
with increasing pore body volume can be observed (Figure 5.9d). Distance to nearest neighbor pore 
body and pore throat total length distributions from PNE on X-ray µ-CT data are very similar, with 
peaks ~ 25 µm in both distributions (Figure 5.9e), which is in good agreement with the observations 
made during connected component analysis (Figure 5.8b). Moreover, these results indicate a 
connectivity of the pore space, resolved by X-ray µ-CT, mostly to nearby pore bodies. 
 
Figure 5.9: Results of pore network extraction (PNE) modeling (Dong and Blunt, 2009) on X-ray µ-CT 
data. a) Extracted pore network model, displaying 13,111 pore bodies and 4,746 pore throats. b) Number 
fractions and total porosity volume contributions of pore bodies and pore throats. c) Frequency and total 
porosity volume contribution distribution of pore body coordination numbers. d) Distribution of average 
pore shape factors (G) and pore body coordination numbers (CN) vs. pore body volumes. e) Distance to 
nearest neighbor pore body and pore throat total length distribution. f) Density distribution of pore throat 
orientations (φ vs. θ; Figure 5.5; section 5.2.7). 
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The density distribution of pore throat orientations from PNE on X-ray µ-CT data clearly shows two 
maxima (Figure 5.9f): (1) centered at phi (φ) ~ 0° and theta (θ) ~ -40° and (2) with phi (φ) also 
centered ~ 0° and theta (θ) ~ +140°, which suggests only one preferred orientation of the pore throats, 
since cases (1) and (2) are equivalent. This preferred pore throat orientation was interpreted to 
correspond to the orientation of the bedding in the X-ray µ-CT sample volume. 
5.3.4. Pore space characteristics from FIB-SEM tomography 
Within the analyzed FIB-SEM sample volume of 377.24 µm³ and with dimensions of 13.1 x 7 x 4.1 
µm (Figure 5.10a), a total porosity of 18.39 Vol.-% was detected by connected component analysis in 
Avizo (FEI Visualization Sciences Group (VSG), 2012), down to smallest connected porosity volumes 
of 10 voxels, corresponding to ~ 3.3E+04 nm³ (Figure 5.10b). 
A total number of 6,629 connected components was detected, but with the largest connected porosity 
volume covering 87 % of the total pore space, resolved by FIB-SEM tomography (Figures 5.10c; 
5.11a, c). The second and third largest connected components account for ~ 0.73 and 0.59 % of the 
resolved pore space, respectively, with sizes between 0.41 and 0.5 µm³ (Figure 5.10d). Porosity 
volume distribution analysis shows a peak ~ 7.3E+04 nm³ pore volume, with regard to pore-size 
frequencies. However, the contribution of porosity volumes to the total resolved pore space is severely 
biased by the largest detected connected component (Figure 5.10c). Therefore, this porosity volume 
was removed from the analysis, resulting in a peak of connected porosity volume contributions 
between 4.7E+06 to 3E+08 nm³ (Figure 5.10f). For further, semi-quantitative analysis of pore space 
morphologies, the largest connected porosity volume (Figure 5.10c) and the remaining porosity 
volumes, were plotted separately (Figure 5.11a, b), and by zooming into the pore space (Figure 5.11c, 
d). Thus, pore throat connections down to ~ 100 nm in diameter (estimated), as well as dead-end pores 
of about the same size, could be visualized (Figure 5.11c). The remaining, unconnected porosity 
volumes show complex pore morphologies, with high surface area to volume ratios, sizes below 
5E+08 nm³, and distances ~ 180 nm (geometric mean) to each other (Figure 5.11d). 
Quantitative pore space connectivity analysis using pore network (PNE) modeling on FIB-SEM data, 
shows a total 15,201 pore bodies and 14,823 pore throats, as well as a high connectivity of the pore 
space extracted from FIB-SEM, indicated by high pore body coordination numbers (Figure 5.12a). 
Pore body and pore throat size distributions are similar to porosity volume distributions obtained by 
connected component analysis, after removal of the largest connected component (Figure 5.10f). 
However, a shift of pore throat frequencies as well as total porosity volume contributions towards 
smaller pore-sizes can be observed, resulting in a peak ~ 7.3E+04 nm³ for the frequency distribution, 
but with smaller pore-sizes down to ~ 3.3E+03 nm³ (i.e. voxel-size) existing; and ~ 4.7E+06 nm³ for 
the total porosity volume contribution distribution. 
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Figure 5.10: Results of 3D FIB-SEM porosity analysis. a) Analyzed, 3D reconstructed sample volume of ~ 
377.24 µm³. b) Volume rendered porosity from connected component analysis (Avizo, 2012) on 2D 
segmented porosities (sections 5.2.5 and 5.2.7), displaying 6,629 connected porosity volumes down to ~ 
3.3E+04 nm³ volume (= 10 voxels), covering 18.39 % of the analyzed sample volume. c) Largest connected 
porosity volume at the resolution of FIB-SEM (~ 3.3E+03 nm³ voxel-size), accounting for 87 % of the total 
resolved pore space. d) Second and third largest connected components with sizes of 0.41 and 0.5 µm³, 
respectively, accounting for 0.59 and 0.73 % of the total resolved pore space. e), f) Number fractions and 
total porosity volume contributions of connected components, with f) after removal of the largest 
connected porosity volume shown in c). 
The frequency distribution of pore bodies is shifted towards larger pore-sizes, compared to the results 
of connected component analysis (Figure 5.10f), showing a peak between 2.1E+05 to 5.8E+05 nm³ 
pore body volume, whereas the contributions to the total porosity, of pore bodies from PNE and 
connected components, after removal of the largest porosity volume (Figure 5.10f), are nearly 
identically distributed; showing peaks between 3.7E+07 to 1.1E+08 nm³ for the pore bodies (Figure 
5.12b) and between 4.7E+06 to 3E+08 nm³ for the connected porosity volumes (Figure 5.10f). 
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Detailed analysis of the pore space connectivity from PNE substantiates the hypothesis of a highly 
connected pore space resolved by FIB-SEM. 
 
 
Figure 5.11: Visualization of results of connected component analysis (FEI Visualization Sciences Group 
(VSG), 2012) on FIB-SEM data. a) Largest connected porosity volume (~ 60.35 µm³), covering 87 % of the 
total resolved pore space. b) Remaining, “isolated” porosity volumes with sizes between 3.3E+04 (= 10 
voxels) to 5E+08 nm³. c) Zoom into the largest connected porosity volume, showing pore throats down to ~ 
100 nm in diameter, as well as ‘dead-end pores’ of about the same size. d) Zoom into the “isolated” 
porosity volumes, displaying much more complex pore morphologies, with higher surface area to volume 
ratios, compared to X-ray µ-CT data (Figure 5.8); distances between single “isolated” porosity volumes 
are ~ 180 nm (geometric mean). 
The pore body coordination number frequency distribution shows a peak at CN = 1, whereas pore 
bodies with much higher coordination numbers, mostly between 10-20, but up to 47, contribute to 
significant fractions of the total porosity volume (Figure 5.12c). Pore shape analysis shows a much 
higher dependence of the pore shape on the size (volume) of the pores, compared to X-ray µ-CT data, 
with clearly decreasing average pore shape factors (G) with increasing pore volume, indicating a 
higher complexity of pore morphologies for larger pores (Figure 5.12d). Larger pores moreover, show 
significantly higher average coordination numbers, than smaller pores (Figure 5.12d). Comparison of 
pore throat total length and distance to nearest neighbor pore body distribution, shows a difference in 
the peak positions, as well as the shape of the distributions (Figure 5.12e). 
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Figure 5.12: Results of pore network extraction (PNE) modeling (section 5.2.7; Dong and Blunt, 2009) on 
FIB-SEM data. a) Extracted pore network, showing 15,201 pore bodies and 14,823 pore throats, as well as 
high coordination numbers of the pore bodies. b) Number fractions and total porosity volume 
contributions of pore body and pore throat sizes. c) Number fraction and total porosity volume 
contribution distributions of pore body coordination numbers. d) Distribution of average pore shape 
factors (G) and average coordination numbers (CN) vs. pore volumes. e) Comparison of pore throat total 
length and distance to nearest neighbor pore body distributions. f) Density distribution of pore throat 
orientation angles phi (φ) and theta (θ), suggesting a preferred orientation of the pore throats parallel to 
the sample bedding. 
5. Multi-scale characterization of porosity in Boom Clay (HADES-level, Mol, Belgium) using a 
combination of X-ray µ-CT, 2D BIB-SEM and FIB-SEM tomography 
 
 
93 
 
Whereas the distribution of distances of pore bodies to their nearest neighbor is Gaussian shaped, with 
a peak ~ 150 nm and a geometric mean of 151 nm, the distribution of pore throat total lengths is 
skewed towards longer pore throats, showing a peak at ~ 210 nm, but a geometric mean of 289 nm 
(Figure 5.12e). The maximum distance of a pore body to its nearest neighbor is 502 nm, whereas the 
longest pore throat is with ~ 2,600 nm, significantly longer. Moreover, the direct comparison of pore 
body connections to nearest neighbors shows that only ~ 10 % of the pore bodies are connected to 
their nearest neighbor, whereas the remaining 90 % are connected to more distant pore bodies. The 
density distribution of pore throat orientations suggests two, rather broad maxima, which are both 
centered at phi (φ) ~ 0°, but with theta (θ) (1) ~ -75° and (2) ~ +100° (Figure 5.12f). This suggests 
again only one preferred pore throat orientation, with phi (φ) ~ 0° and thus within the yz-plane (Figure 
5.5) and theta (θ) with an angle of more or less +/- 90° from the xz-plane towards yz-. Pore throats are 
thus preferably oriented parallel to the bedding in the FIB-SEM sample, which is parallel to the yz-
plane (Figures 5.1a; 5.5 and 5.12g; section 5.2.1). 
5.3.5. Power-law analysis of pore size distributions 
Double logarithmic plots of bin-size and area analyzed normalized frequencies of pore areas, 
measured from 2D BIB-SEM, as well as within X-ray µ-CT and FIB-SEM image-stacks (section 
5.2.7), show a continuous power-law distribution of pore-sizes over ~ 6 orders of magnitude, from ~ 
3.1E+03 nm², interpreted as the practical pore detection resolution (PPR) of BIB-SEM and FIB-SEM 
in 2D, up to ~ 3.2E+09 nm², corresponding to the largest pore areas measured by X-ray µ-CT porosity 
analysis in statistically representative amounts (Figure 5.13). 
Fitting a power-law to the continuous distribution, gives a power-law exponent (D
2D
) ~ 2.2. There 
exists only a small gap – indicated as (2) in Figure 5.13 – between the largest pore-sizes measured by 
2D BIB-SEM in representative amounts (~ 6.3E+06 nm²) and the practical pore detection resolution of 
2D X-ray µ-CT porosity analysis (~ 1E+08 nm²). We therefore assume pore-sizes within this range (2) 
to follow the same power-law distribution, as larger pore-sizes resolved by X-ray µ-CT and smaller 
pores resolved by 2D BIB-SEM and FIB-SEM. Results moreover show a very good agreement 
between the 2D BIB-SEM pore-area distribution measured by Hemes et al. (2013) and 2D pore areas 
measured in the present study within single FIB-SEM slices. 
  
94 
 
 
Figure 5.13: Results of power-law analysis on pore-area distributions from 2D FIB-SEM and X-ray µ-CT 
image-stacks, as well as on 2D BIB-SEM porosity data (Hemes et al., 2013); suggesting a power-law 
distribution of pore-sizes over ~ 6 orders of magnitude, within the practical pore detection resolution 
ranges of FIB-SEM/BIB-SEM and X-ray µ-CT. 
 
Figure 5.14: Results of power-law analysis on pore-area distributions obtained from the projection of 3D 
pore body and pore throat volumes from PNE (Dong and Blunt, 2009) onto sphere equivalent 2D cross-
sectional areas; suggesting power-law distributions of pore-body and pore-throat sizes over ~ 6 orders of 
magnitude, with power-law exponents (D
3D
pore bodies and D
3D
pore throats) ~ 2.34 for the pore bodies and ~ 2.38 
for the pore throats. 
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In 3D, very similar results were obtained, by analyzing the normalized frequencies of pore bodies and 
pore throats from PNE, after conversion of their volumes into sphere equivalent cross-sectional areas 
(section 5.2.7, Figure 5.14). Pore body and pore throat size distributions were analyzed separately, but 
give very similar results (Figure 5.14). Least square linear regression analyses on the pore-size 
distributions, over ~ 6 orders of magnitude, between ~ 3.1E+03 nm² and ~ 6.4E+09 nm², results in 
power-law exponents D
3D
pore bodies ~ 2.34 and D
3D
pore throats ~ 2.38, respectively (Figure 5.14). The 
slightly higher power-law exponent obtained for the pore throat size distribution is due to the relatively 
higher amount of smaller pore throats, compared to relatively more, larger pore bodies. As a result of 
the lack of 3D data within the pore-size range resolved by 2D BIB-SEM (Figure 5.13), the gap in 
representative pore detection resolution ranges between FIB-SEM (< 1.6E+06 nm²) and X-ray µ-CT 
(> 1E+08 nm²), denoted by (2) in Figure 5.14, is slightly larger; however, we still assume pore-sizes 
within this range to follow the same power-law distributions as pore-sizes above and below. 
5.4. Discussion 
5.4.1. Representativeness of the analyses  
Using high-resolution image-analysis for porosity investigations within limited volumes or areas of 
investigation, the questions of continuity of the scales of observation, as well as representativeness of 
the analyzed areas or volumes, remain crucial. Basic local porosity theory and covariance analysis 
(Biswal et al., 1998; Hilfer, 2000; Hilfer and Helmig, 2004; Hu and Stroeven, 2005; Jeulin, 2010; 
Kanit et al., 2003; Keller et al., 2013b; Matheron, 1971; Serra, 1982) were used in the present 
contribution to determine the characteristic length scales at which a certain degree of spatial 
homogeneity of the investigated bulk sample property of porosity can be expected at the respective 
microstructural level of observation; and to calculate and evaluate the relative errors of porosity 
estimations carried out within the limited areas or volumes of investigation (Figure 5.6). Results show 
characteristic length scales of about 40 µm at the resolution of X-ray µ-CT (Figure 5.6a), ~ 10 µm for 
the 2D BIB-SEM porosity investigations by Hemes et al. (2013; Figure 5.6b), and between 1-2 µm for 
FIB-SEM tomography based porosity analyses (Figure 5.6c). Considering the sizes of the areas and 
volumes analyzed in the present study, as well as by Hemes et al. (2013), shows that our 
methodological approach of successively increasing the resolution and simultaneously decreasing the 
size of the volume or area analyzed, by stepping from 3D X-ray µ-CT (resolution ~ 15.6 µm³, volume 
of several mm³), to 2D BIB-SEM (resolution ~ 96 nm², area analyzed ~ 155 x 155 µm²; Figure 5.1a; 
Hemes et al., 2013), to 3D FIB-SEM (resolution ~ 3.3E+03 nm³, volume ~ 13.1 x 7 x 4.1 µm³), allows 
at each step to cover the characteristic length scale of spatial homogeneity of porosity, calculated at the 
previous level of resolution (Figure 5.6). This indicates both, the conservation of representativeness of 
our investigations, as well as the continuity of the scales of observation of the analyses. Although 2D 
BIB-SEM does not give much information on the pore space connectivity and pore throat sizes, this 
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contribution demonstrates that it is essential to bridge the gap in observational scales between 3D X-
ray µ-CT and FIB-SEM tomography, since sample volumes analyzed by FIB-SEM are by far too small 
to cover the characteristic length scale of spatial homogeneity of porosity, calculated based on X-ray 
µ-CT (~ 40 µm in the present study; Figure 5.6a). FIB-SEM is not able to cover microstructural 
heterogeneities, existing on a larger scale, but BIB-SEM provides the opportunity to prepare and 
analyze large, representative 2D cross-sectional areas, covering the characteristic length scale 
calculated from X-ray µ-CT, but at the scale of observation of FIB-SEM. Based on BIB-SEM porosity 
analysis, relevant spots for high resolution 3D FIB-SEM tomography can be chosen (Desbois et al., 
2013a; Figure 5.1a). 
Results of characteristic length scale calculations using covariance analysis moreover, do not suggest 
any significant anisotropy with regard to observed porosities in the directions parallel or perpendicular 
to the sample bedding (Figure 5.6). However, 3D pore throat orientation analyses on PNE data from 
X-ray µ-CT (Figure 5.9f) and FIB-SEM (Figure 5.12f, g) show preferred pore throat orientations 
parallel to the sample bedding and suggest an existing anisotropy of the pore space connectivity in 
Boom Clay, with the major pore space connectivity oriented parallel to the bedding and thus located 
within the bedding planes (Figure 5.16). 
Following the discussion of Keller et al. (2013b) and Kanit et al. (2003): “from a statistical point of 
view, an error free estimation of porosity and other bulk sample properties, can never be obtained from 
a finite volume of investigation”. Therefore, covariance analysis was used to calculate the relative 
errors of porosity estimations within the limited area and volumes analyzed in the present study. 
Results from FIB-SEM tomography porosity analysis are in a similar range to results obtained by 
Keller et al. (2013b), using FIB-SEM tomography on sandy and shaly facies Opalinus Clay samples 
from the Mont Terri rock laboratory (Switzerland). The relative error of ~ 5 % (N=1), calculated for 
the 2D BIB-SEM porosity analysis by Hemes et al. (2013; Figure 5.6b), however, is significantly 
lower, indicating that, to obtain an as accurate estimation of porosity in 3D, either a much larger 
sample volume or a much higher number of samples would have to be investigated, which in practice 
is not easy to achieve, due to time and costs. 
With regard to the overall representativeness of our investigations, one has to take into account that 
very small sample volumes were analyzed, compared to the extent of the Boom Clay Formation and 
considering the heterogeneity of the formation, regarding mineralogical composition and grain-size 
distribution (i.e. clay vs. silt content). We therefore can only assume the investigated samples to be 
representative of the respective layer (Putte Member at a depth of ~ -196 meters TAW), which is 
defined as a homogeneous clayey unit, representative of fine-grained, clay-rich end member samples 
of the Boom Clay. 
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5.4.2. Pore-size distribution analyses 
Analyses of pore-size distributions obtained from 2D segmented pore areas (Figure 5.13), as well as 
from calculated (sphere equivalent) cross-sectional areas of 3D pore bodies and pore throats after PNE 
(Figure 5.14), indicate power-law distributions of pore-sizes over ~ 6 orders of magnitude, which were 
interpreted to reflect the scale-invariance of pore space microstructures in fine-grained (HADES-level) 
Boom Clay. Moreover, comparable power-law exponents obtained in 2D (D
2D
 ~ 2.2; Figure 5.13) and 
in 3D (D
3D
pore bodies ~ 2.34 and D
3D
pore throats ~ 2.38; Figure 5.14) suggest that 2D pore areas measured 
within the representative BIB-SEM cross-section area analyzed by Hemes et al. (2013; Figure 5.1a), as 
well as within the 2D image-stacks of FIB-SEM and X-ray µ-CT, represent to some extent the 
complex 3D pore morphologies, modeled by pore network extraction (PNE) on X-ray µ-CT and FIB-
SEM data. Hemes et al. (2013) moreover calculated the power-law exponent of the pore-throat size 
distribution derived from Mercury Intrusion Porosimetry (MIP) (D
Hg
) to ~ 2.1, which is again in a 
similar range to results obtained in the present contribution, indicating representativeness of the 
present results, since MIP is carried out on bulk sample volumes. The slightly lower power-law 
exponent obtained from MIP porosity analysis could be attributed to larger pores and/or drying 
artifacts, possibly existing within the analyzed MIP sample volume, but were not measured or at least 
not in representative amounts by BIB-SEM and X-ray µ-CT porosity analyses in the present 
contribution. 
 
Figure 5.15: Comparison of Mercury Intrusion Porosimetry (MIP) intrusion data (Hemes et al., 2013) and 
pore body and pore throat frequency distribution from PNE (Dong and Blunt, 2009) on FIB-SEM and X-
ray µ-CT data, suggesting two major porosity intrusion and pore space connectivity regimes, which are: 
(1) below 100 nm pore throat diameter, resolved by FIB-SEM; and (2) between ~ 1-7 µm pore throat 
diameter, resolved by X-ray µ-CT. 
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Power-law distributions of pore-sizes have also been found for other fine-grained, clay-rich 
geomaterials, like Opalinus Clay; e.g. by Houben et al. (2013, 2014b); gas shales, by Klaver et al.  
(2012), or coal, by Giffin et al. (2013). 
The actual pore body and pore throat diameter (di/j and dt) frequency distribution was moreover 
compared to the MIP porosity volume intrusion distribution of the same reference sample (ON-Mol-1-
196; Hemes et al., 2013), showing a very good agreement of the results (Figure 5.15). Both 
distributions show major peaks located below 100 nm pore throat diameter and secondary peaks 
between 1-7 µm (Figure 5.15). The slight shift of the Mercury intrusion distribution towards smaller 
pore-sizes was attributed to the ‘ink-bottle-effect’ (Abell et al., 1999; Diamond, 2000; Hemes et al., 
2013; Matthews et al., 1995; Moro and Böhni, 2002; Romero and Simms, 2008; see also section 
5.3.1). 
5.4.3. Pore network model in Boom Clay from the HADES-level 
At the scale of observation of X-ray µ-CT (~ 15.6 µm³ voxel-size), a large number of mostly isolated 
porosity volumes and pore bodies was detected by connected component analysis (FEI Visualization 
Sciences Group (VSG), 2012) and from PNE modeling (Dong and Blunt, 2009; Figures 5.7-5.9), with 
only very limited connectivity between the pore bodies (Figure 5.9). This shows that X-ray µ-CT is 
insufficient to resolve the relevant pore space connectivity in fine-grained Boom Clay, since 
permeability measurements give a low, but existing permeability in the order of about 10-18 m², in 
typical fine-grained Boom Clay (ONDRAF/NIRAS, 2001a). In contrast, FIB-SEM tomography 
resolves a highly connected pore space, down to equivalent pore throat diameters ~ 20 nm and mostly 
within the clay-matrix of the sample, with one large connected porosity volume covering ~ 87 % of 
the total resolved pore space (Figures 5.10, 5.11). Pore networks extracted from FIB-SEM tomography 
show high coordination numbers of pores up to 47, with connections existing not only to the nearest 
neighbor pore body, but also to much more distant pores (Figure 5.12; section 5.3.4). Pore throat 
orientation analyses on pore networks extracted from X-ray µ-CT (Figure 5.9f) and FIB-SEM (Figure 
5.12f, g) show a strong anisotropy of the pore space connectivity, with preferred pore throat 
orientations parallel to the sample bedding, suggesting a higher permeability in this direction, i.e. 
within the bedding planes (Figure 5.16). Anisotropy of the permeability in Boom Clay has been 
measured both from laboratory (Hildenbrand et al., 2002, 2004) as well as from in-situ experiments 
(Yu et al., 2013); always resulting in a higher permeability in the horizontal, bedding parallel than in 
the vertical, bedding perpendicular direction. 
A conceptual model of the 3D pore network in Boom Clay (HADES-level) is presented in Figure 5.16: 
Large, mostly isolated porosity volumes, identified by connected component analysis on X-ray µ-CT 
data may correspond to large inter-aggregate pores, previously detected by BIB-SEM porosity analysis 
(Hemes et al., 2013). Distances (d1) between “isolated” porosity volumes are ~ 30 µm (geometric 
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mean) (section 5.3.3; Figures 5.8b and 5.16b). Moreover, these porosity volumes are supposed to 
correspond to the connectivity regime identified by both PNE on X-ray µ-CT data, as well as by MIP, 
with pore throat diameters mostly between 1-7 µm (Figure 5.15). Distances between single pore 
bodies (d2) and pore throat total lengths from PNE on X-ray µ-CT data show geometric means 
between 27-29 µm (Figures 5.9e and 5.16b). The highly connected pore space, resolved by FIB-SEM 
tomography (Figures 5.10-5.12) is proposed to correspond mostly to intra-clay-matrix porosity, with 
major pore throat connections below 100 nm in diameter (Figure 5.15) and distances between nearest 
neighbor pore bodies (d3) ~ 151 nm (geometric mean; Figures 5.12e, 5.16b). Pore throat total lengths 
from PNE on FIB-SEM data (d4) show a geometric mean ~ 289 nm (Figures 5.12e, 5.16b). 
 
Figure 5.16: Conceptual model of the pore space connectivity in fine-grained HADES-level Boom Clay. a) 
Results of preferred pore throat orientation analysis on FIB-SEM data after PNE (Dong and Blunt, 2009; 
Figure 5.12f, g), parallel to the sample bedding. b) Conceptual model of the 3D pore network in fine-
grained Boom Clay, within the bedding planes; showing large “isolated” porosity volumes – resolved by 
X-ray µ-CT – at distances (d1) ~ 30 µm to each other (Figure 5.8b); distances between nearest neighbor 
pore bodies from PNE (Dong and Blunt, 2009) on X-ray µ-CT data (d2), as well as pore throat total lengths 
from PNE on X-ray µ-CT, are ~ 27-29 µm (geometric means; Figure 5.9e). Distances between nearest 
neighbor pore bodies resolved by FIB-SEM (d3), are ~ 151 nm (geometric mean) and pore throat total 
lengths from PNE (Dong and Blunt, 2009) on FIB-SEM data ~ 289 nm (Figure 5.12e). 
Note that the size differences between pore structures resolved by X-ray µ-CT and by FIB-SEM are not to 
scale! 
Due to the gap in practical pore detection resolutions (PPRs) between X-ray µ-CT and FIB-SEM 
(Figures 5.14, 5.15; section 5.3.5), combining the results of pore network extraction (PNE) modeling 
on X-ray µ-CT and FIB-SEM data, does not help in concluding whether the pore space is connected at 
the scale of observation in between X-ray µ-CT and FIB-SEM. However, MIP indicates an existing, 
but lower connectivity of the pore space in fine-grained Boom Clay within this range, with pore throat 
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diameters between ~ 200-800 nm (Figure 5.15). MIP moreover gives evidence that pore space 
connectivity in Boom Clay exists even below the resolution of FIB-SEM. 
The present contribution demonstrates that a combination of FIB-SEM tomography, X-ray µ-CT and 
pore network extraction (PNE) modeling (Dong and Blunt, 2009) provides a realistic direct description 
and representation of the major pore space connectivity regimes in fine-grained HADES-level Boom 
Clay (Figure 5.15). 
Comparing the results of the present study to previous pore space connectivity analyses on Opalinus 
Clay from the Mont Terri rock laboratory (Switzerland), e.g. by Keller et al. (2011, 2013a, 2013b) or 
Houben et al. (2014a), it appears that for both – the Opalinus Clay and the Boom Clay, pore networks 
within the clay matrix control the major diffusivity of the material. However, the pore space in Boom 
Clay shows a much higher interconnectivity at the scale of observation of FIB-SEM, with a significant 
fraction (~ 87 %) of the total resolved porosity being connected to one large porosity volume (Figures 
5.10, 5.11). Also, at the scale of observation of X-ray µ-CT, limited pore space connectivity can be 
observed in Boom Clay, showing pore space connections up to ~ 12 µm in diameter (Figures 5.9, 
5.15). In Opalinus Clay, on the contrary, most of the pore space connectivity is assumed to be even 
below the resolution of FIB-SEM (Houben et al., 2014a, 2013; Keller et al., 2011, 2013a, 2013b). This 
difference could correlate to the difference in measured intrinsic permeability between the Opalinus 
Clay (~ 10
-20
 to 10
-21
 m²; Marschall et al., 2005) and the Boom Clay (~ 10
-18 
m²; ONDRAF/NIRAS, 
2001a), of about 2 orders of magnitude. 
Drying performed during sample preparation for subsequent X-ray µ-CT, BIB-SEM and FIB-SEM 
investigations may damage the sample microstructure and result in a change of pore space 
morphologies and total porosity, due to the shrinkage of the clay minerals (Desbois et al., 2014; Gallé, 
2001; Lawrence, 1977). However, the pore space morphologies detected by X-ray µ-CT in the present 
contribution show mostly roundish, very smooth pore shapes, but no laminar structures with apertures 
above a few micrometers, which are typically associated with micro fractures and desiccation cracks 
(Houben et al., 2014a; Renard, 2012). Thus, the analyzed sample volume does not seem to have 
undergone critical damage of its microstructure, due to sample drying; at least not indicated by X-ray 
µ-CT observations in the present contribution. 
5.5. Conclusions 
In the present study, X-ray µ-CT and FIB-SEM tomography were applied to investigate the 3D pore 
space of a Boom Clay sample from the HADES level (URF) at Mol (Belgium). Pore network 
extraction (PNE) modeling (Dong and Blunt, 2009) allows simplifying the complexity of the 3D pore 
space for quantitative pore space connectivity analyses, by discriminating between pore bodies and 
pore throats. The combination of these methods allows providing a realistic direct description of the 
pore space and its connectivity in 3D, resulting in a conceptual model of the 3D pore network in fine-
5. Multi-scale characterization of porosity in Boom Clay (HADES-level, Mol, Belgium) using a 
combination of X-ray µ-CT, 2D BIB-SEM and FIB-SEM tomography 
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grained Boom Clay (Figure 5.16). Moreover, the power-law distributions of pore-sizes over several (~ 
6) orders of magnitude in 2D and in 3D (Figures 5.13 and 5.14) suggest scale-invariance and self-
similarity of the pore space characteristics, hinting towards the possibility of up-scaling of our nm- to 
µm-scale observations to larger scale characteristics of the Boom Clay Formation. Furthermore, it has 
been shown that BIB-SEM is essential to bridge 3D observations at the resolutions of X-ray µ-CT and 
FIB-SEM as well as to optimize the selection of relevant spots for FIB-SEM tomography. 
The extracted 3D pore networks and pore throat size distributions should be used in the future as input 
for modeling of single and multi-phase fluid flow and of radionuclide transport in porous media by 
diffusion and migration (Blunt et al., 2013; Dvorkin et al., 2008). Moreover, they should be used to 
estimate fluid flow properties, such as permeability, of fine-grained argillaceous materials. 
The presented methodological approach delivers advances in porosity characterization techniques at 
different levels of microstructural detail, relevant for material characterization in the oil and gas 
industries, for carbon dioxide (CO2) storage, as well as for radioactive waste disposal. 
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Abstract 
Besides the Boom Clay Formation (Early Oligocene), the Ypresian clays, part of the Eocene Ieper 
Group (Kortrijk Formation and Kortemark Member) are currently considered and investigated as an 
alternative for the disposal of radioactive waste in Belgium (ONDRAF/NIRAS, 2011). 
However, the microstructure and in particular the pore space of the Ypresian clays has so far not been 
characterized to a great extent. In the present study, a combination of broad-ion beam milling (BIB) 
and scanning electron microscopy (SEM) is used to investigate the pore space morphologies, including 
pore shape, orientation and pore-size distribution of six representative samples of the Ypresian clays, 
originating from different depths of the Kallo-1 (2008) borehole and comprising different 
mineralogical compositions. The clay content of the different samples ranges between 30 to 71 dry 
wt.-percent and their grain-size distributions vary according to this – from clayey to fine-sand sized 
material. Analyses were carried out within representative elementary areas (REAs) of BIB cross-
sections of several hundred µm² and at resolutions down to several nm² (pixel-size). Results show 
much larger average grain-sizes, wider grain-size distributions and higher contributions of silt-sized 
particles to the overall sample microstructures, compared to the Boom Clay. Similar pore 
morphologies to the Boom Clay were observed within the clay-matrix of the fine-grained Ypresian 
clay samples, showing very elongated, high aspect ratio pores and a bedding parallel preferred 
orientation of the pores’ longest axes. 
In the coarse-grained Ypresian clay samples, on the contrary, no bedding parallel alignment of the 
clay-minerals and preferred orientation of the pores within the clay-matrix was observed. This was 
interpreted as a result of the higher non-clay mineral contents as well as the larger average grain-sizes 
of the samples. A high non-clay mineral content disturbs the clay-matrix microstructure and prevents a 
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bedding parallel alignment of the clay minerals. Further analysis of pore morphologies shows 
circular/roundish pores within the clay-matrix of the coarse-grained Ypresian clay samples, compared 
to typically elongated pores within the clay-matrix of the fine-grained Ypresian Clay samples and the 
Boom Clay (Hemes et al., 2013). The microstructure within the clay-matrix of the coarse-grained 
Ypresian clay samples moreover, was described as “flower-like”, due to the high clay-matrix internal 
porosity and the smooth, rounded pore shapes. 
Total BIB-SEM observed porosities range between 6.2-17.3 % of the analyzed areas, with an apparent 
correlation existing between sample grain-sizes, non-clay mineral contents and the total BIB-SEM 
observed porosities. Observed porosity distributions seem to be bi-modal, with major porosity 
contributions below 1E+06 to 1E+07 nm² pore area, corresponding to intra-clay-matrix porosity as 
well as at much larger pore-sizes (above 1E+07 to 1E+08 nm²), attributed to inter-aggregate pores. 
Inter-aggregate pores occur preferentially at the boundaries between clay-matrix and non-clay mineral 
grains, with their contributions to the total segmented porosity correlating with the non-clay mineral 
content (dry wt.-%) and the grain-size of the sample. The existence of several different porosity 
regimes was moreover, substantiated by power-law pore-size distribution analysis, showing clear 
changes in the power-law exponents (D), at pore-sizes corresponding to the boundary between typical 
intra-clay matrix porosity and larger inter-aggregate pores (~ 1E+06 to 1E+07 nm² pore area). 
Furthermore, pore-size distribution analysis results in similar power-law exponents for pores within 
the clay-matrix of the Boom Clay and within the clay-matrix of fine-grained Ypresian clay samples, 
whereas for the more coarse-grained Ypresian clay samples, higher power-law exponents were 
obtained for pore-size distributions measured within the clay-matrix, suggesting a higher contribution 
of smaller pore-sizes. 
 
Key words: 
Ypresian clays, radioactive waste disposal, pore space microstructures, BIB-milling, SEM-imaging, 
pore-size distributions 
 
6.1. Introduction 
To find a potential host rock formation for the safe long-term disposal of high- and medium-level, 
long-lived radioactive waste in Belgium, the main research so far has been focused on the Oligocene 
Boom Clay. The reference location for research on the Boom Clay is the Mol-Dessel nuclear zone 
(province of Antwerp), including the HADES-URF (‘high activity disposal experimental site 
underground research facility’), where most of the methodological and in-situ experiments on the 
Boom Clay are carried out (chapters 3.1 and 3.3; Huysmans and Dassargues, 2006). 
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the Kallo-1 (2008) drilling (Belgium) 
 
 
105 
 
Since the late 1990s, the Ypresian clays, part of the Eocene Ieper Group (Kortemark Member and 
Kortrijk Formation), are considered and investigated as an alternative host rock material for the long-
term disposal of radioactive waste in a geological formation in Belgium. The Doel nuclear-zone 
(province of Antwerp) is the reference site for research and methodological studies on the Ypresian 
clays (ONDRAF/NIRAS, 2001a). So far, research on the Ypresian clays has mainly been concentrated 
on mineralogical and geochemical aspects, whereas very little is known about the microstructure and 
the pore space characteristics of the Ypresian clays, particularly not at the nm-scale. However, this 
information is relevant for the disposal of radioactive waste, since the diffusive transport of 
radionuclides and radionuclide migration are suggested to take place via the interconnected pore space 
within the nm-range (Aertsens et al., 2008a, 2008b, 2008d; Ortiz et al., 2002). 
In the present contribution, six samples from the Kallo-1 drilling (2008) were analyzed, with respect to 
their microstructure and porosity, down to the nm-scale resolution, using a combination of broad-ion-
beam milling (BIB) and high resolution scanning electron microscopy (SEM). Samples were chosen 
from the Kallo-1 drilling, despite the Doel nuclear-zone being the main reference site for research, due 
to the much more recent drilling at Kallo in 2008, compared to Doel (Doel-1 borehole) in 1998. 
Therefore, less damage or alteration of the sample cores and microstructures, as a result of storage and 
potentially drying, as well as organic matter oxidation, are expected. 
The Kallo site is situated ~ 5 km south of the Doel site and the Ypresian clays occur at ~ -401 to -289 
m depth (TAW; Figure 3.3), instead of ~ -441 to -331 meters (TAW) in Doel. The layers of the 
Ypresian clays are dipping with a very shallow angle towards the north-northeast (Van Marcke et al., 
2005). 
The objective of the present study is to prepare samples for high resolution scanning electron 
microscopy (SEM), image-processing and porosity segmentation, as well as a first qualitative and 
quantitative porosity and pore space microstructural analysis. Special attention should be paid to the 
very high porosity in the upper part of the Ypresian clays, the decrease in porosity with depth, 
observed in Doel and possibly existing in Kallo as well as the unknown origin of the bi-modal, or 
poly-modal pore-size distributions, reported for the received Ypresian clay samples. Moreover, the 
interconnectivity of the pores of the different pore-size populations and the absence or presence of a 
pronounced bedding-parallel fabric should be investigated. 
6.2. Samples investigated 
All samples investigated in the present study originate from the ON-Kallo-1 (2008) borehole, located 
144287.22 E and 219656.80 N (Mohammad, 2009). Exact sample positions in depth of origin (m BDT 
and TAW), together with some lithological, mineralogical and geophysical information (gamma ray 
and resistivity logs) from the Kallo-1 drilling are given in Figure 3.3 (chapter 3.5.2; modified from 
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Mohammad, 2009). Table 6.1 summarizes the exact sample depths of origin, together with the 
respective stratigraphic units from two available stratigraphic interpretations (Cammaer et al., 2009 
and Mohammad et al., 2009). All samples were chosen, sub-sampled and vacuum repacked by 
ONDRAF/NIRAS (2013b) and a first qualitative description of the samples was given, which is 
included in the following description of the analyzed samples. 
Table 6.1: Ypresian clay samples investigated in the present study; stratigraphic units and depths of 
origin. The height of the drilling table at Kallo-1 is +8.54 m TAW (‘tweede algemene waterpassing’; 
section 3.1.3). 
 
6.2.1. Summary of sample description by ONDRAF/NIRAS (2013b) from observations at core 
retrieval (1) and during sample selection, preparation (i.e. slicing) and vacuum 
repacking for BIB-SEM porosity analysis at RWTH Aachen (2). 
Although handled with care, all sample cores showed “evidence of oxidation and in some cases other 
perturbations” (ONDRAF/NIRAS, 2013b) during sample selection and repacking for BIB-SEM 
porosity analyses at RWTH Aachen. 
Sample 8a is part of the Kortemark Member, originating from a depth of about -287.5 meters TAW. 
(1) At core retrieval the sample was described as “silt, of greenish-grey color, containing some fine-
sands” (ONDRAF/NIRAS, 2013b). The packing of the material was described as “moderate to 
medium-loose and the material showed an intermediate to locally low caliper excursion
6
, as well as a 
                                                     
 
6 Caliper-log measurements are used to detect porosity or fracture related porosity and together with gamma-ray signals, may 
be used as indicators of porosity and permeability. Moreover, caliper-logs are used to measure variations in borehole 
diameters, which can be interpreted as clay-swelling in boreholes (Bunker and Hamontre, 1959). 
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relatively low to intermediate gamma-ray
7
 signals” (ONDRAF/NIRAS, 2013b). (2) During sub-
sampling and repacking by ONDRAF/NIRAS (2013b), the core quality was described as “good, 
showing no major perturbations” (ONDRAF/NIRAS, 2013b). The sample color appeared “yellowish-
greenish and some concentric coloring was noticed on the cross-section, as well as a patchy 
appearance of the color” (ONDRAF/NIRAS, 2013b). No indications of volume change were observed 
(ONDRAF/NIRAS, 2013b). 
Sample 20a is part of the Aalbeke Member, from a depth of about -299.5 meters TAW. (1) At core 
retrieval, the sample was described as “clay-rich, with a greenish-grey color” (ONDRAF/NIRAS, 
2013b). The material’s consistency was described as “hard and compacted” (ONDRAF/NIRAS, 
2013b). The sample shows a relatively high gamma-ray and limited caliper excursion. (2) During sub-
sampling and repacking, geochemical results indicated high potassium (K) content. During slicing of 
the core in the longitudinal direction, “perturbations at the top of the core were noticed” 
(ONDRAF/NIRAS, 2013b). The sample color was described as “slightly yellowish-greenish and some 
bedding-parallel fractures, as well as mm-scaled voids were observed on the sample surface” 
(ONDRAF/NIRAS, 2013b). Together with the hollow slice surface (top), those could be indicative of 
volumetric contractions (ONDRAF/NIRAS, 2013b). 
Sample 45a is a very fine-grained example of the Ypresian clays and part of the Roubaix Member, 
originating from a depth of ~ -324.5 meters TAW. (1) At core retrieval, the sample appearance was 
“greenish-grey, with some glauconite and shells present” (ONDRAF/NIRAS, 2013b). Moreover, the 
material appeared “very hard, compacted and a relatively high gamma-ray, as well as relatively low 
caliper excursion were measured” (ONDRAF/NIRAS, 2013b). (2) During sub-sampling and vacuum 
repacking, some technical problems resulted in perturbations at the central part of the core, noticed 
after slicing of the longitudinal slab (ONDRAF/NIRAS, 2013b). The sample color was described as 
“dark grey and no indications of significant oxidation or volume change were observed” 
(ONDRAF/NIRAS, 2013b). 
Sample 60a is a more coarse-grained example of the Ypresian clays and also part of the Roubaix 
Member. The sample originates from a depth of ~ -339 meters TAW. (1) At core retrieval the sample 
was described as “clayey, greenish-grey and showed a moderate-hard to plastic compact consistency” 
(ONDRAF/NIRAS, 2013b). (2) During sub-sampling and vacuum repacking, “small fractures were 
noticed at the top of the longitudinal slab, but no indications of oxidation were observed” 
(ONDRAF/NIRAS, 2013b). However, a non-matching of the grinding traces in the sample and the 
                                                     
 
7 Gamma-ray logs are used to detect the presence of radioactive potassium (K), uranium (U) and thorium (Th) in natural 
rocks; particularly in clays. Moreover, they can be used to locate fractures, which may be filled with radioactive material; as 
source of gamma rays (Hampson et al., 2005; North and Boering, 1999; Ruffel and Worden, 2000; Schnyder et al., 2006). 
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slice of the PVC-tube, together with an irregular shape of the tube, might be indicative of a possible 
volume or shape change of the sample during or after slicing of the longitudinal slab, suggesting a 
possible dilation of the sample material (ONDRAF/NIRAS, 2013b). 
The description of sample core 86c is less detailed, due to a short-notice change from core 84 to 86, 
during sample selection by ONDRAF/NIRAS (2013b). Sample 86c originates from a depth of ~ 364.5 
meters (TAW) and is thus part of the Roubaix member, after Cammaer et al. (2009) or the Orchies 
Member, after Mohammad (2009). (1) At core retrieval, the sample showed an “intermediate gamma-
ray and hardly any caliper excursion” (ONDRAF/NIRAS, 2013b). (2) During sub-sampling and 
repacking of the core, “no major perturbations were observed and the core quality was described as 
good” (ONDRAF/NIRAS, 2013b). The sample color was “bluish-greenish, showing locally brownish 
appearances at the center and oxidation spots or halos were regularly observed” (ONDRAF/NIRAS, 
2013b). 
Sample 108a originates from a depth of ~ -386.5 meters (TAW) and is thus either part of the Orchies 
member, after Cammaer et al. (2009), or the Mont-Héribu Member, after Mohammad (2009). The 
sample is rather fine-grained and clay-rich, with some fine-sand parts. (1) At core retrieval, the 
material was described as “greenish-grey clay, containing some fine sands” (ONDRAF/NIRAS, 
2013b) and the sample consistency was described as “stiff to plastic” (ONDRAF/NIRAS, 2013b). The 
material shows a high gamma-ray, as well as nearly no caliper excursion. (2) During sub-sampling and 
vacuum repacking by ONDRAF/NIRAS (2013b), the material was described as “very dark clay, 
showing limited indications of pyrite oxidation in the form of iron oxides in fractures” 
(ONDRAF/NIRAS, 2013b). All samples were received vacuum packed, in a naturally hydrated state. 
6.2.2. Summary of X-ray diffraction mineralogical analyses by ‘Qmineral analysis and consulting’ 
(Heverlee, Belgium) 
After the selection and preparation of the samples for BIB-SEM investigations, ~ 20 gram of each core 
were sent to ‘Qmineral analysis and consulting’ (Heverlee, Belgium, 2014) for bulk mineralogical and 
detailed clay fraction analyses using X-ray diffraction (XRD). All results presented in the following 
are from ‘Qmineral analysis and consulting’ (Heverlee, Belgium, 2014). The quantification of the non-
clay minerals was performed using the Rietveld method, whereas the quantification of the clay 
minerals was performed using the ‘PONKCS-method’8. 
                                                     
 
8 For more details on the ‘PONKCS’ (“partial or no known crystal structure”) method see Scarlett and Madsen (2006). 
Quantification of phases with only partially or no known crystal structures by powder diffraction consists of a “kind of 
pattern summation”, similar to summations implemented in programs like ‘Quanta’ or ‘RockJock’. The method is based on 
the measurement of pure standard materials and the addition of their diffraction patterns to the Rietveld calculated diffraction 
patterns, until a “good” match between the measured and the modeled curve is obtained. For the minerals quantified using the 
‘PONCKS method’, no changes of crystal structural data is possible. 
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Mineralogical analysis using X-ray diffraction and subsequent quantification of the non-clay minerals 
by the Rietveld method, as well as quantification of the clay minerals by the ‘PONCKS-method’ 
results in three different groups of clay minerals, present in significant amounts in the samples 
investigated. These comprise 2:1 clays or ‘TOT phyllosilicates’ (section 2.1.2), which are smectites 
and in particular montmorillonite, illite or illite-smectite mixed layer clays. The second group consists 
of kaolinites, referred to as TO or 1:1 clays, and the third of chlorites. Kaolinites and chlorites are 
present in much lower quantities of between 0.1 to 2 dry wt.-%, compared to 2:1 clays, accounting for 
between 28.9 to 69.2 dry wt.-% of the analyzed samples (Table 6.2). Only sample 108a shows a higher 
kaolinite content of about 5.7 dry wt.-%, also in its < 2 μm clay fraction, containing ~ 14 dry wt.-%; 
compared to < 1 dry wt.-% in the other samples investigated (Tables 6.2 and 6.3). Chlorite is limited to 
the < 2 μm clay fractions of all samples, with concentrations between 0.8 to 1.5 dry wt.-% (Table 6.3). 
The 2:1 clays in the < 2 μm fractions consist mainly of smectites (~ 32 to 69 dry wt.-%) and illite-
smectite mixed layer clays (between 18 to 27 dry wt.- %). Illite is also present in the < 2 μm clay 
fractions of the samples, but in much lower quantities of between 8-12 dry wt.-%. Only sample 108a 
shows an exception, with a much higher illite content of ~ 26 dry wt.-% and remarkably less smectite, 
of only ~ 32 dry wt.-% (Table 6.3). Although, only the clay minerals were quantified in the oriented 
clay specimens, reflections of other minerals could also be identified. Among these are zeolites 
(clinoptilolite or heulandite) in sample 8a, concentrated in its < 2 μm clay fraction. Opal was identified 
in the bulk diffraction patterns of the < 2 μm clay fractions of samples 8a, 60a and 86c, with 
concentrations inversely correlated with the clay contents of the samples; i.e. in the more clay-rich 
samples 20a, 45a and 108a, no opal was found at all. Quartz was detected in all samples investigated, 
showing concentrations between 23.5 dry wt.-% (sample 45a) and 54.6 dry wt.-% (sample 8a). Again, 
the amount of quartz seems to be inversely correlated with a sample’s clay content (Table 6.2). A 
similar correlation was observed for plagioclase, showing the highest concentrations of between 5.1- 
3.9 dry wt.-% in the clay-poorest samples 8a, 60a and 86c. Only sample 108a shows a lower 
plagioclase content than samples 20a and 45a, although its clay content is lower, too. Alkali-feldspars 
were found in rather high concentrations in samples 8a (~ 4.3 dry wt.-%), 108a (~ 2.2 dry wt.-%) and 
20a (~ 1.8 dry wt.-%), but in much lower concentrations (only ~ 0.4-0.7 dry wt.-%) in the remaining 
samples analyzed. The carbonates calcite and ankerite were identified in low concentrations (< 2 dry 
wt.-%) in samples 8a, 45a, 60a and 86c. Magnesite was found in sample 86c (~ 0.4 dry wt.-%), only; 
and rutile, anatase and pyrite are present in concentrations ≤ 1 dry wt.-% in most of the samples 
analyzed (Table 6.2). 
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Table 6.2: Results of bulk mineralogical analysis by ‘Qmineral analysis and consulting’ (Heverlee, Belgium, 
2014). X-ray diffraction was used, as well as Rietveld refinement for the quantification of different 
mineral phases; results are given in dry wt.-%. 
 
Quantitative XRD results (Tables 6.2 and 6.3) indicate similar qualitative mineralogical compositions 
for all samples, but with varying quantitative concentrations of the different mineral phases present. 
The sample clay contents range between 29.6 dry wt.-% in sample 8a (“clay-poor”) and ~ 71 dry wt.-
% in sample 45a (most clay-rich). Sample 20a, with a clay content of ~ 69 dry wt.-%, is also 
considered as rather clay-rich, whereas the samples 60a, 86c and 108a show intermediate clay contents 
between 51 to 63 dry wt.-%. Quantitative mineralogical compositions of the ethylene glycol solvated 
and air-dried < 2 µm clay-fractions are summarized in Table 6.3 (‘Qmineral analysis and consulting’; 
Heverlee, Belgium, 2014) and Figure 6.1 shows the corresponding XRD patterns calculated; whereas 
the quantitative bulk sample compositions (dry wt.-%) are  summarized in Table 6.2 (‘Qmineral analysis 
and consulting’; Heverlee, Belgium, 2014). 
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Table 6.3: Mineralogical compositions of the < 2 µm clay fractions from XRD by ‘Qmineral analysis and 
consulting’ (Heverlee, Belgium, 2014), calculated using the ‘PONKCS-method’; contributions are given in 
dry wt.-%. 
 
From bulk sample mineralogical compositions and results of XRD analysis of the < 2 µm clay-
fractions, the total expanding clay mineral contents (i.e. smectites + illite-smectite mixed layer clays) 
were calculated. Results give bulk sample expanding clay mineral contents of 26.3 dry wt.-% in 
sample 8a; 60.3 dry wt.-% in sample 20a; 63.1 dry wt.-% in sample 45a; 46.5 dry wt.-% in sample 
60a; 50.9 dry wt.-% in sample 86c and 37.2 dry wt.-% in sample 108a. Thus, the highest potential for 
shrinkage strain is provided in samples 45a and 20a, followed by samples 86c and 60a; and the least in 
samples 8a and 108a. 
 
Figure 6.1: XRD patterns of the < 2 µm clay-fractions of the samples analyzed; measured by ‘Qmineral 
analysis and consulting’ (Heverlee, Belgium, 2014), using oriented X-ray diffraction in an air-dry and 
ethylene glycol solvated state and CuKα-radiation. The obtained diffraction patterns were modeled using 
the ‘Newmod2-software’ and quantification of the clay mineralogical compositions was done using the 
‘PONCKS-method’ (see above). 
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6.3. Methodology 
6.3.1. Sample preparation for BIB-SEM 
Sample dimensions suitable for BIB-SEM are ~ 1 x 0.5 x 0.2 to 0.4 cm. Suitable sample pieces were 
cut-off from the natural, hydrated sample cores of ~ 20 cm length and 10 cm in diameter, using a 
rotary diamond saw at low speed and afterwards a razorblade for preparation of small specimens for 
BIB-SEM porosity investigations. Prior to the BIB-SEM analyses, samples have to be dried carefully, 
since the high vacuum during BIB-milling and SEM-imaging would lead to a too fast extraction of 
pore water from the samples, possibly causing critical damage to the sample microstructures and 
potentially creating drying artifacts. The most gentle, but also most time consuming drying procedure 
is by using saturated salt solutions, to control the relative humidity within a closed system. Saturated 
salt solutions were prepared as described in Winston and Donald (1960), resulting in relative humidity 
within closed systems of ~ 85 % (potassium-chloride, KCl), 76-75.5 % (sodium-chloride, NaCl), ~ 70-
71 % (1:1 mixture of NaCl and KCl), ~ 55-53 % (magnesium-nitrate hexahydrate, Mg(NO3)2·6H2O) 
and ~ 33-32.5 % (magnesium-chloride hexahydrate, MgCl2·6H2O), respectively. In the present study, 
drying using saturated salt solutions was performed over 75 to 178 days. Moreover, one or two sub-
samples of each specimen were dried in air, by simply letting the sample pieces at room temperature 
(~ 20-25°C) for 75-178 days. Results of all drying experiments are summarized in Table 6.6. 
Afterwards, the samples were glued onto especially designed sample holders, suitable for BIB-SEM 
and pre-polished using carbide grinding papers of grit sizes P500-2400 (ISO/FEPA Grit), 
corresponding to average grain-diameters between 30.2 to 8.4 µm; to optimize the quality of the 
subsequent BIB-polishing. 
6.3.2. SEM-imaging 
BIB-polished samples are analyzed using a ‘Zeiss SUPRA55’ scanning electron microscope (SEM), 
equipped with a back-scattered electron (BSE) detector for qualitative mineralogical analysis, as well 
as a SE2-detector for analysis of the sample surface topography and thus the sample microstructures 
and in particular the porosity at high resolution. BSE-image mosaics were taken at magnifications 
between 5,000 and 10,000x, resulting in pixel-sizes between 3,430 and 858 nm² (Table 6.4). For 
porosity analyses, SE2-image mosaics were taken at higher magnifications between 15,000 and 
30,000x, resulting in pixel-sizes between 380 and 96 nm² (Table 6.4). According to the results by 
Hemes et al. (2013; section 4.3.2), practical pore detection resolutions (PPRs) were assumed at pore-
sizes covering ~ 10 pixels per pore. This results in PPRs between 3.8E+03 and 1E+03 nm² for high 
resolution porosity analyses carried out on the Ypresian clay samples (Table 6.5). All magnifications 
used in the present study, the corresponding pixel-sizes and resulting PPRs are summarized in Tables 
6.4 and Table 6.5; summarizing as well all BSE- and SE2-image mosaics taken in the present study, 
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the used magnifications and the corresponding pixel-sizes, as well as the sizes and dimensions of the 
resulting, analyzed mosaic areas. 
Table 6.4: SEM-magnifications, used in the present contribution; corresponding pixel-sizes [nm²] and 
resulting PPRs [nm²]. 
 
Table 6.5: Summary of analyzed BSE- and SE2-image mosaics [µm²], magnifications used and 
corresponding pixel-sizes [nm²]. Moreover, the sizes [µm²] and dimensions [µm x µm] of the resulting 
mosaic areas are given. 
 
6.3.3. Evaluation of investigated areas’ representativeness 
For representative analysis, porosities should be segmented within representative elementary areas 
(REAs; sections 4.2.2 and 5.2.6), with regard to existing sample heterogeneities at the scales of 
observation. Besides using the so called ‘box counting method’ (Hemes et al., 2013; Houben et al., 
2013, 2014b; Kameda et al., 2006; Klaver et al., 2012), where a stepwise growing grid is applied to the 
classified BSE-images and to the porosity maps from SE2-image mosaic analyses (section 4.2.2), in 
the present study, representative areas were calculated using covariance analysis after Kanit et al. 
(2003) and Keller et al. (2013b). This approach is described in detail in section 5.2.6 of this document. 
Box counting is repeated until the individual contributions of the different mineral phases and the 
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porosity contribution do not change anymore (Figures 6.4-6.9). This area is interpreted to be the REA 
with regard to mineralogical composition and porosity at the scale of observation. Results using 
covariance analysis give relative errors of porosity estimations in dependence of the size of the mosaic 
area analyzed and for a given number of realizations (Figures 6.10-6.14). All representativity analyses 
results are summarized in Table 6.7 (section 6.4.3). 
6.3.4. Porosity evaluation (segmentation and analysis) 
For a qualitative description of the pore space, low resolution BSE- and SE2-images are used (Figures 
6.15-6.20), allowing for the identification of characteristic sample microstructures and pore space 
morphologies. Afterwards, for quantitative pore space analysis, the porosity is segmented semi-
automatically within high resolution SE2-image mosaics, using a combination of thresholding and 
sobel-edge-detection algorithms in Matlab (The MathWorks®, 2011; described in chapter 4.2.2, after 
Houben et al., 2013, 2014b). The majority of the pore space is recognized and segmented correctly, by 
using the automatic segmentation procedure. However, in the case of largest pores, due to the insights 
into the pore bodies, manual cleaning of the automatic segmentation data is necessary, which is done 
by manual editing of the shape files, created from the binary tiff-files of automatically segmented 
porosities, in ArcGIS (ESRI Inc., 2011). 
For quantitative pore shape analyses, the Matlab toolbox PolyLX (Lexa, 2010) is used, with the most 
important output parameters being the axial ratio (AR), defined as the ratio of a pore’s long axis to the 
axis perpendicular to it (AR = longest axis (L) / axis perpendicular to it (W)), the elongation (E = 𝜋 · 
L
2
 / 4 · area (A)), which equals one for a perfect circle and increases for elongated pore bodies, the 
roundness (R = 4 · A / 𝜋 · L2 = 1 / E), which is the inverse of the elongation and thus also one for a 
perfect circle, but decreases with increasing elongation of a pore, and the circularity (C = 4 · A / 
perimeter (P) · L), including the perimeter in the calculation and thus a description of the shape of the 
pore boundary. The circularity decreases for irregular pore boundaries, as well as for elongated pores 
and also equals one for a perfect circle. Furthermore, the compactness (Cp = P
2
 / 4 · 𝜋 · A), describing 
the ratio of the pore perimeter to the pore area – similar to the circularity – and the grain shape factor 
(GSF), defined as: (L / W) 
0.318
 · P / 2·A 
½
 (Equation 6.1) and thus taking into account both the 
elongation (i.e. axial ratio AR = L/W) and the perimeter of a pore, were used. The grain shape factor 
increases significantly for elongated pores with complex pore boundaries. 
For the analysis of pore-size distributions, a non-linear binning, as described in sections 4.2.4 and 
5.2.7 (Hemes et al., 2013; Houben et al., 2013, 2014b; Klaver et al., 2012), of always doubling the 
subsequent bin-size and starting with a bin-size of one, is used. Afterwards, both the number fraction 
(i.e. frequency) distribution, as well as the contributions of pore areas to the total segmented porosities 
are calculated and plotted against the bin-centers. 
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Following the findings of Klaver et al. (2012), Houben et al. (2013, 2014b) and Hemes et al. (2013), 
2D pore-size distributions in clayey materials can be described using power-laws (sections 4.2.4 and 
5.2.7). For this, frequencies of pore areas per bin (Ni) are normalized by the respective bin-sizes (Si), as 
well as the size of the total mosaic areas analyzed (Smosaic) (i.e. for a comparison of pore-size 
distributions measured within different samples). Afterwards, the resulting, normalized frequencies (Ni 
/ (Si · Smosaic)) of pore areas per bin are plotted against the bin-centers (bi) on a double logarithmic 
scale. To calculate the scaling parameters (D) of the hypothesized power-law distributions of pore-
sizes, least square linear regression analyses are applied to the straight (i.e. linear) parts of the double 
logarithmic plots of pore area distributions (sections 4.2.4 and 5.2.7; equations 4.3, 4.4 and 5.6). 
Finally, the results are compared to pore-size distribution analyses carried out on the Boom Clay 
(chapters 4 and 5). 
6.4. Results 
6.4.1. Qualitative sample description (during sample preparation, prior to drying) 
During sample preparation for BIB-SEM investigations, two very fine-grained, clay-rich samples (45a 
and 108a), one fine- to intermediate grained, clay-rich sample (20a), two intermediate to coarse-
grained, clay to fine silt samples (60a and 86c) and one very coarse-grained, silt to very fine sand 
sample (8a) were differentiated. Moreover, a clear bedding parallel, mm-scale layering of more fine-
grained, clay-rich vs. more coarse-grained, silt-rich layers was observed in sample 86c. This sample 
also appeared drier than the rest of the samples investigated. In general, the samples could be 
classified as very soft, loosely packed and often cracked material (samples 20a, 45a and 60a), with 
mm-wide cracks running parallel to the bedding in samples 20a and 45a and oblique to the bedding in 
sample 60a. During sample preparation, sample 60a appeared more water-rich, than the rest of the 
samples investigated and no cracks at all were observed in samples 8a, 86c and 108a. Sample 108a 
seemed much harder and more compacted, than the rest of the samples investigated and signs of 
oxidation were observed in most of the samples (i.e. 8a, 20a, 45a, 60a and 108a), as well as some 
fungi, mostly at the bottom (end) of the core in sample 8a. 
6.4.2. Results of drying experiment 
All samples analyzed in the present study were dried prior to the BIB-SEM investigations, either in air 
or using saturated salt solutions, as described in section 6.3.1. 
Results give weight losses and thus water contents between 7.3 % of the wet sample weight for sample 
8a, dried in air for 81 days, and 22.3 % for sample 45a, dried using saturated salt solutions over a time 
span of 89 days (Table 6.6). Detailed drying curves of all samples are shown in Figure 6.2 for drying 
in air and Figure 6.3 for drying using saturated salt solutions. Using an average grain-density of the 
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Ypresian clays of 2.699 g/cm³ (Van Marcke et al., 2005) and a pore-water density of 1.012 g/cm³, 
from pore water compositions measured at Kallo (S. Brassinnes, ONDRAF/NIRAS, personal 
communication, May 7, 2014), gives calculated water content porosities between 17.4 Vol.-% for 
sample 8a after drying in air and 43.4 Vol.-% for sample 45a after drying using saturated salt solutions 
(Table 6.6). 
Table 6.6: Drying technique, duration of the experiment, sample weight loss [wt.-% of the original wet 
sample weight] and calculated water content porosities [Vol.-%]. 
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Figure 6.2: Drying in air for 75-178 days, resulting in total weight losses between 7.3 % (sample 8a) and 
19.7 % (sample 45a) of the wet sample weights.  
 
Figure 6.3: Drying using saturated salt solutions for 81-178 days, resulting in total weight losses between 
13.6 % (sample 108a) and 22.3 % (sample 45a) of the wet sample weights. 
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6.4.3. Representative elementary areas (REAs) from ‘box counting method’ vs. calculations 
using covariance analysis 
Figures 6.4 to 6.9 and 6.10 to 6.14, as well as Table 6.7 summarize the results of REA calculations, 
described in sections 4.2.2, 5.2.6 and 6.3.3, showing some differences between calculated REAs based 
on the ‘box counting method’ after Kameda et al. (2006), Klaver et al. (2012), Houben et al. (2013, 
2014b) and Hemes et al. (2013) (Figures 6.4-6.9), and results of calculations using covariance analysis 
on segmented porosities, after Kanit et al. (2003), Keller et al. (2013b) and Houben et al. (2014b) 
(Figures 6.10-6.15). 
 
Figure 6.4: Results of box counting on mineralogical data from BSE-image mosaic (6,000x magnification; 
left side) and on segmented porosities within SE2-image mosaics (15,000x and 5,000x magnification; right 
side) for sample 8a. 
 
 
Figure 6.5: Results of box counting on mineralogical data from BSE-image mosaic (6,000x magnification; 
left side) and on segmented porosity within SE2-image mosaic (20,000x; right side) for sample 20a. 
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Figure 6.6: Results of box counting on mineralogical data from BSE-image mosaic (6,000x magnification; 
left side) and on segmented porosity within SE2-image mosaic (20,000x; right side) for sample 45a. 
 
 
Figure 6.7: Results of box counting on mineralogical data from BSE-image mosaic (5,000x magnification; 
left side) and on segmented porosities within SE2-image mosaics (20,000x and 5,000x; right side) for 
sample 60a. 
 
 
Figure 6.8: Results of box counting on mineralogical data from BSE-image mosaic (5,000x magnification; 
left side) and on segmented porosity within SE2-image mosaic (20,000x; right side) for sample 86c. 
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Figure 6.9: Results of box counting on mineralogical data from BSE-image mosaic (6,000x magnification; 
left side) and on segmented porosity within SE2-image mosaic (30,000x; right side) for sample 108a. 
‘Box counting’ on manually segmented mineralogical compositions within BSE-image mosaics and 
on automatically segmented porosities within SE2-image mosaics, results in REAs between 100 x 100 
(= 1E+04 µm²) and 250 x 250 µm (= 6.25E+04 µm²), often showing a good agreement between the 
results based on mineralogy and porosity (e.g. for samples 8a, 45a, 86c and 108a; Figures 6.4, 6.6, 6.8 
and 6.9; Table 6.7). Calculated REAs were covered by the sizes of mosaic areas analyzed for most of 
the samples analyzed; both with regard to mineralogical compositions, as well as the distribution of 
porosity (Tables 6.5 and 6.7). 
 
Figure 6.10: Results of covariance analysis on segmented porosities within SE2-image mosaics analyzed of 
sample 8a at 15,000x (left) and 5,000x magnification (right side), respectively. 
 
Figure 6.11: Results of covariance analysis on segmented porosity within SE2-image mosaics analyzed of 
samples 20a (a) and 45a (b) at 20,000x magnification. 
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Figure 6.12: Results of covariance analysis on segmented porosities within SE2-image mosaics analyzed of 
sample 60a, at 20,000x (left) and 5,000x magnification (right side), respectively. 
 
Figure 6.13: Results of covariance analysis on segmented porosities within SE2-image mosaics analyzed of 
sample 86c, at 20,000x (left) and 5,000x magnification (right side), respectively. 
 
Figure 6.14: Results of covariance analysis on segmented porosity within SE2-image mosaic analyzed of 
sample 108a at 30,000x magnification. 
REA calculations using covariance analysis do not give discrete sizes of representative elementary 
areas, but distributions of relative errors of porosity estimation, with respect to the size of the analyzed 
areas and for a given number of realizations (i.e. 1, 10 or 100; sections 5.2.6 and 6.3.3; Figures 6.10-
6.14). For areas analyzed in the present study and one realization, calculated relative errors of porosity 
estimations are between 8 and 23 % (Figures 6.10-6.14; Table 6.7). However, increasing the number 
of realizations to 10, relative errors of porosity estimation are already reduced to between 2.5 and 
7.5 %; and with a total number of 100 realizations, relative errors of porosity estimations are ≤ 2.5 % 
for all samples investigated (Figures 6.10-6.14; Table 6.7). 
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Table 6.7: Summary of results of REA calculations using the ‘box counting method’ on mineralogical data 
from BSE-images and on porosity data from SE2-image mosaics, as well as from covariance analyses on 
segmented porosities within SE2-image mosaics, analyzed of the Ypresian clay samples investigated in the 
present study. 
 
6.4.4. Qualitative description of sample microstructures and characteristic pore space 
morphologies, observed by BIB-SEM analysis 
Qualitative analyses of BSE- and SE2-image mosaics, taken at SEM-magnification between 5,000 and 
30,000x (Table 6.5) show already significant differences between the microstructures observed in the 
Ypresian clays and typical Boom Clay microstructures – as described in chapter 4 (section 4.3.4). The 
most significant difference is the much higher porosity, observed particularly in the more coarse-
grained Ypresian clay samples (8a, 60a and 86c; Figures 6.15, 6.18 and 6.19). Moreover, from 
qualitative observations on SE2- and BSE-image mosaics, the grain-size and pore-size distributions of 
the Ypresian clays seem to be much wider and therefore, covering larger ranges of grain- and pore-
sizes, compared to the Boom Clay. The BSE- and SE2-image mosaics shown in Figures 6.15-6.19 
each time cover areas of 200 x 400 µm² for the BSE- and 200 x 300 µm² for the SE2-image overviews. 
Only the SE2-image area analyzed of sample 108a (Figure 6.20) was slightly smaller (~ 206 x 122 
µm²). In more detail, sample 8a – the most coarse-grained Ypresian clay sample analyzed – shows 
grain-sizes ranging from < 3.9 µm grain diameter (clayey material), up to very large (> 63 µm 
diameter) particles (Figure 6.15), which are, according to Wentworth (1922), classified as very fine 
sand. 
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Figure 6.15: BSE- and SE2-image overviews, used for detailed mineralogical and microstructural (i.e. 
porosity) analyses of sample 8a. 
The microstructures of the two most fine-grained Ypresian clay samples (45a and 108a; Figures 6.17 
and 6.20) show characteristic features very similar to typical pore space morphologies observed in 
fine-grained, clay-rich Boom Clay (section 4.3.4; Hemes et al., 2013). These include: a very fine-
grained clay-matrix (< 3.9 µm particle diameters), embedding few larger, silt-sized (maximum ~ 50 
µm diameter) particles (Figures 6.17 and 6.20). Moreover, these samples show a seemingly preferred 
orientation (i.e. alignment) of the clay minerals’ longest axes parallel to the sample bedding, resulting 
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in a bedding parallel preferred orientation of the elongated pores’ longest axes within the clay-matrix 
(Figures 6.17 and 6.20). 
Sample 20a (Figures 6.16 and 6.21b) shows an intermediate microstructure between typical fine-
grained Ypresian clays (45a and 108a; Figures 6.17 and 6.20, as well as 6.21a) and fine-grained Boom 
Clay samples (sections 4.3.4, 4.4.3 and 4.5) and what has been described as characteristic of typical 
coarse-grained Ypresian clay samples (8a, 60a and 86c; Figures 6.15, 6.18, 6.19 and 6.21c). In sample 
20a, no clear bedding parallel preferred orientation (i.e. alignment) of the clay minerals’ and elongated 
pores’ within the clay-matrix longest axes, was observed. Moreover, in sample 20a, much larger pores, 
with characteristic morphologies similar to drying artifacts, as described by Renard et al. (2012), 
Houben et al. (2014a) and Desbois et al. (2014), showing very elongated pore shapes, serrated pore 
boundaries and mirrored shapes on opposite sides of the pores, along the pores’ long axes, were 
observed (Figure 6.22a-b). These features can be up to ~ 5 µm in diameter (opening widths), allowing 
for an insight into the “pore” bodies (Figure 6.22a-b). Furthermore, they occur preferentially at clay – 
non-clay mineral interfaces. In summary, typical pore morphologies in sample 20a (Figures 6.16, 
6.21b and 6.22a-b) are less roundish and more elongated, with higher aspect ratios, than observed for 
typical coarse-grained Ypresian clay samples (8a, 60a and 86c; Figures 6.15, 6.18, 6.19, 6.21c and 
6.22c-d), but still more roundish than typical of fine-grained Boom Clay (sections 4.3.4 and 4.4.3; 
Figures 4.6, 4.7, 4.10 and 4.11) and fine-grained Ypresian clay samples (Figures 6.17, 6.20 and 6.21a). 
Furthermore, the microstructures of the two most fine-grained Ypresian clay samples (45a and 108a), 
but in particular of sample 108a (Figure 6.20) seem to be much more compacted than observed for the 
remaining Ypresian clay samples. Sample 108a moreover, shows a much lower porosity, visualized by 
BIB-SEM – compared to the more coarse-grained Ypresian clay samples (Figures 6.15-6.20). 
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Figure 6.16: BSE- and SE2-image overviews, used for detailed mineralogical and microstructural (i.e. 
porosity) analyses of sample 20a. 
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Figure 6.17: BSE- and SE2-image overviews, used for detailed mineralogical and microstructural (i.e. 
porosity) analyses of sample 45a. 
The also rather coarse-grained samples 60a and 86c show very similar grain-size distributions, with a 
high amount of silt-sized particles (between 3.9 to 63 µm grain diameter), but also much finer clayey 
(< 3.9 µm grain diameter) material, filling the space in between the larger, non-clay mineral grains 
(Figures 6.18 and 6.19). Moreover, the coarse-grained Ypresian clay samples (8a, 60a and 86c; Figure 
6.15, 6.18 and 6.19) show a very loose packing of the material, which is contra-intuitive to the rather 
high depths of origin of the samples (Table 6.1); also in comparison with the Boom Clay samples 
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investigated (section 4.2.1; Table 4.1). However, the observed sample microstructures could also be 
altered as a result of sample drying and potentially shrinkage of the expanding clay minerals (i.e. 
smectites or smectite-illite mixed layer clays). These are present in relatively high concentrations in 
the Ypresian clay samples analyzed – with total amounts of smectites + smectite-illite mixed layer 
clays between 26 and 63 dry wt.-%. (section 6.2.2; Tables 6.2 and 6.3). In the analyzed Boom Clay 
samples on the contrary, significantly lower expanding clay mineral contents (i.e. smectites and 
smectite-kaolinite mixed layer clays) between 13 and 23 dry wt.-% were measured (Zeelmaekers, 
2011). 
 
Figure 6.18: BSE- and SE2-image overviews, used for detailed mineralogical and microstructural (i.e. 
porosity) analyses of sample 60a. 
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Figure 6.19: BSE- and SE2-image overviews, used for detailed mineralogical and microstructural (i.e. 
porosity) analyses of sample 86c. 
In more detail, typical pore morphologies observed within the clay-matrix of the coarse-grained 
Ypresian clay samples (8a, 60 and 86c) are very roundish, with low axial ratios (section 6.4.5; Figure 
6.21c) and no bedding parallel alignment of the clay minerals longest axes was observed in these 
samples (Figures 6.15, 6.18 and 6.19). The morphology of the pore space microstructure within the 
clay-matrix of the coarse-grained Ypresian clay samples was furthermore, described as “flower-like”, 
due to the high clay-matrix internal porosity, the loose packing of the material and the rounded, 
smooth pore boundaries (Figures 6.15, 6.18, 6.19, 6.21c and 6.22c-d). 
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Figure 6.20: BSE-and SE2-image overviews of cross-section areas, used for detailed mineralogical and 
microstructural (i.e. porosity) analyses of sample 108a. 
Although the microstructures of the fine-grained Ypresian clay samples (20a, 45a and 108a; Figures 
6.16, 6.17 and 6.20) seem to be dominated by a fine-grained clay-matrix, similar to microstructures 
observed in fine-grained Boom Clay (samples ON-Mol-1-184, EZE54; Figure 4.6 and ON-Mol-1-196, 
EZE55, HADES-level; Figure 4.7), the non-clay mineral contents and average grain-sizes of the 
Ypresian clays are higher, than observed for typical fine-grained Boom Clay (section 4.3.4). Largest 
non-clay mineral grains in the fine-grained Ypresian clays are ~ 50 µm in diameter (Figures 6.16, 6.17 
and 6.20), whereas in typical fine-grained Boom Clay, no grains larger than ~ 10-20 µm in diameter 
were observed (Figures 4.6 and 4.7). Moreover, the spatial distributions of non-clay mineral grains 
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within the Ypresian clay samples, but particularly in samples 20a and 108a (Figures 6.16 and 6.20), 
are much more heterogeneous, than observed in typical fine-grained Boom Clay (Figures 4.6 and 4.7); 
resulting also in a much more heterogeneous distribution of porosity within these samples, which was 
interpreted to be due to the preferred occurrence of largest, inter-aggregate pores close to or directly at 
the boundaries between clay-matrix and non-clay mineral (NCM) grains, as well as the dependence of 
the size of these pores on the adjacent NCM grain-sizes (Hemes et al., 2013). 
 
Figure 6.21: a) Typical pore morphologies in fine-grained, clay-rich (> 60 dry wt.-% clay) Ypresian clay 
samples (108a and 45a), classified according to Desbois et al. (2009a) and Hemes et al. (2013), as ‘type I-III 
pores’ in clay. These have also been observed within the clay-matrix of Boom Clay (chapter 4; sections 
4.3.4 and 4.4.3; Figures 4.10-4.11). b) Typical pore morphologies in the intermediate sample 20a show less 
elongated and therefore, more roundish pores. c) Typical, very small (< 3E+04 nm² pore area), circular, 
low axial ratio pores, with smooth pore boundaries, characteristic of the coarse-grained, non-clay mineral 
rich (> 40 dry wt.-% NCM content) Ypresian clay samples 8a, 60a and 86c. 
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Figure 6.22: Pore space characteristics observed by BIB-SEM analyses on the Ypresian clay samples. a-b) 
typical microstructural features and pore morphologies observed in sample 20a; potentially drying 
artifacts, as described by Desbois et al. (2014), Houben et al. (2014a, 2014b) and Renard (2012). c-d) very 
large (> 1E+07 nm²) pores, with smooth pore boundaries, allowing for an insight into the pore bodies, as 
well as “flower-like” pore space morphologies within the clay-matrix of the coarse-grained Ypresian clay 
samples 86c (c) and 8a (d). Figure 6.22e-f) shows a highly porous non-clay mineral grain in sample 8a. 
6.4.5. Quantitative results of BIB-SEM porosity investigations 
 Pore shape analysis 
For quantification of pore shapes, the Matlab toolbox PolyLX (Lexa, 2010) was used, with the most 
important output parameters being the axial ratio (AR), the elongation (E), the roundness (R), the 
circularity (C), the compactness (Cp) and the grain-shape factor (GSF) (see section 6.3.4 for further 
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description). Pores were classified according to their sizes and pores below the practical pore detection 
resolutions (i.e. smaller than 10 pixels; section 6.3.2; Table 6.4) were excluded from the analysis. 
Table 6.8: Geometric mean values of pore shape descriptive parameters, calculated using the Matlab 
toolbox PolyLX (Lexa, 2010) on segmented porosities from ArcGIS shapefiles (section 6.3.4), 
discriminating between porosity within the clay-matrix (red; usually < 1E+07 nm² in pore area) and much 
larger, inter-aggregate pores (black). 
 
Porosity within the clay-matrix, consisting mainly of pores below 1E+07 nm² in pore area, was 
analyzed separately from much larger inter-aggregate pores, highlighting some significant differences 
in pore shapes between these two main porosity classes. Whereas pores within the clay-matrix 
typically show very low axial ratios – usually < 2 – as well as elongation factors around 2-3 (except 
for sample 108a), these values tend to be much higher for inter-aggregate pores. On the contrary, 
roundness, circularity and compactness are significantly higher for pores within the clay-matrix (again 
with sample 108a being an exception), whereas the much larger inter-aggregate pores show very low 
roundness, compactness and circularity geometric mean values between ~ 0.1-0.2. The grain or pore 
shape factor (GSF), describing the irregularity and complexity of a pore boundary and therefore the 
pore’s shape, is significantly higher for the segmented inter-aggregate pores (i.e. between 5.7-10.7), 
compared to values ≤ 3 for pores segmented within the clay-matrix. Only for sample 108a, the 
geometric mean value of the grain/pore shape factors measured within the clay-matrix is close to 4 
(Table 6.8). Table 6.8 summarizes the geometric mean values of all measured pore shape descriptive 
parameters for the different samples investigated in the present study, distinguishing between porosity 
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within the clay-matrix and inter-aggregate pores. Between 70,000 and 400,000 pores were analyzed 
per sample. 
Qualitative BIB-SEM porosity analyses (section 6.4.4), together with the results of the quantitative 
pore shape analysis presented above, leads to the classification of the following different pore types in 
the Ypresian clays (illustrated in Figure 6.21a-c): within the clay-matrix of typical fine-grained 
Ypresian clay samples (i.e. 20a, 45a and 108a; Figures 6.16, 6.17, 6.20 and 6.21a, b), pore 
morphologies are very similar to characteristic pore morphologies observed within the clay-matrix of 
Boom Clay (Figure 4.10) and described by Desbois et al. (2009a) and Hemes et al. (2013; sections 
4.3.4, 4.4.3; Figures 4.10 and 4.11). These comprise ‘type I pores’ in clay, which are “elongated 
between similarly oriented clay-sheets” and ‘type II pores’ in clay (i.e. “crescent-shaped in saddle-
reefs of folded sheet of clay”; Desbois et al., 2009a). These pores show typical sizes below 5E+05 nm² 
pore area in the Ypresian clays. Moreover, ‘type III pores’ in clay, after Desbois et al. (2009a) and 
Hemes et al. (2013) were identified, which are described as “large jagged pores in the strain shadows 
of clasts” (Desbois et al., 2009a). They occur preferentially at the boundaries between clay-matrix and 
non-clay mineral – mostly quartz – grains and show characteristic sizes above 5E+05 nm². ‘Type I-III’ 
pores in clay usually show axial ratios larger than 2, indicating elongated pore morphologies. 
Within the clay-matrix of the more coarse-grained Ypresian clay samples (8a, 60a and 86c; Figures 
6.15, 6.18, 6.19 and 6.21c), typical pore morphologies are very roundish (circular), described by low 
axial ratios < 2 (geometric mean) and elongation factors below 3. These pores are moreover, very 
small, with sizes usually below 3E+04 nm² (Figure 6.21c). In sample 20a (Figures 6.16 and 6.21b), 
typical pore morphologies within the clay-matrix show axial ratios ~ 1.8 and therefore lie in between 
the elongated pore shapes observed within the clay-matrix of the most fine-grained Ypresian clay 
samples (108a and 45a; Figure 6.21a) and typical more compact pore morphologies observed within 
the clay-matrix of the coarse-grained Ypresian clay samples 8a, 60a and 86c (Figure 6.21c). Moreover, 
in sample 20a, ‘type II pores’ in clay as well as potentially also ‘type III pores’ in clay, after Desbois 
et al. (2009a) and Hemes et al. (2013), were identified (Figure 6.21b). Very large pores with typical 
sizes above 1E+06 to 1E+07 nm² in the fine-grained, clay-rich samples (20a and 108a; Figures 6.16, 
6.20 and 6.22a-b) and above 1E+07 to 1E+08 nm² in the coarse-grained Ypresian clay samples (8a, 
60a and 86c; Figures 6.15, 6.18, 6.19 and 6.22c-d) were characterized as ‘inter-aggregate pores’. 
Typical morphologies of ‘inter-aggregate pores’ are very complex, showing irregular pore boundaries 
and complicated pore shapes with high grain-shape factors (GSF) as well as low compactness values 
(Cp), low roundness (R) and low circularity (C). Moreover, typical ‘inter-aggregate pores’ show high 
axial ratios (AR) and high elongation factors (E). 
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 Quantitative analysis of the pores’ longest axis orientation 
For most of the Ypresian clay samples analyzed, no clear preferred orientation of the pores’ longest 
axis was found (Figures 6.23 and 6.24). For samples 8a, 60a, 86c and 108a, a slight preferential 
orientation of the pores’ longest axes parallel to the sample bedding (i.e. ~ 90° from the vertical axis) 
was noticed, whereas for the fine-grained, most clay-rich samples 20a and 45a, the observed preferred 
orientation of the pores’ longest axes is rather ~ 45° from the vertical axis and thus subparallel to the 
bedding (Figures 6.23 and 6.24). 
 
 
Figure 6.23: Orientations of the pores’ longest axes, measured in the Ypresian clay samples 8a, 20a and 
45a. 
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Figure 6.24: Preferred orientations of the pores’ longest axes measured in the Ypresian clay samples 60a, 
86c and 108a. 
 Total measured porosities and pore-size distribution analysis 
Total BIB-SEM observed porosities, resulting from automatic porosity segmentations on high 
resolution SE2-image mosaics are between 16.3 % for sample 60a and 6.2 % for sample 108a of the 
analyzed areas. Sample 8a shows a total observed porosity before manual cleaning of the segmentation 
data of 15.2 % and sample 20a of 9.9 %. For sample 45a a total porosity of 9.7 % of the analyzed area 
was measured using BIB-SEM analysis and for sample 86c of 14.3 %, before manual cleaning. 
Manual cleaning of the segmentation data is necessary, due to the insights into larger pore bodies 
provided (section 6.3.4). However, in the present study, this was only carried out on the high 
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resolution porosity data of samples 8a and 86c, due to practical issues. Moreover, for these samples, 
the highest impact of segmentation artifacts on the total observed porosities were expected, resulting 
from the large sample grain-sizes, as well as the high non-clay mineral contents (section 6.2.2; Table 
6.2). Furthermore, for sample 86c a very heterogeneous composition and sample microstructure were 
observed (sections 6.4.1 and 6.4.4), potentially resulting in a larger contribution of inter-aggregate 
pores and segmentation artifacts to the total BIB-SEM observed porosities. Manual cleaning of the 
segmentation data results in total BIB-SEM observed porosities of 17.3 % for sample 8a and 16 % for 
sample 86c. Number fraction (i.e. frequency) distributions of pore areas, as well as pore-size 
contributions to the total segmented porosities were plotted against the bin-centers [nm²] (section 
6.3.4) and the results are shown in Figures 6.25-6.28. 
 
Figure 6.25: Results of pore-size distribution analysis (number fractions and total porosity contributions 
of pore-sizes) for sample 8a (a) at 15,000x SEM magnification and (b) at 5,000x magnification. 
For most of the samples analyzed, unimodal distributions of pore areas were measured, with peaks 
between 3E+03 to 6E+03 nm² in the fine-grained samples 45a and 108a (Figures 6.26 and 6.28), ~ 
1E+04 nm² in the intermediately grained sample 20a (Figure 6.26) and between 6E+03 to 2E+04 nm² 
pore area in the coarse-grained samples 8a and 60a (Figures 6.25 and 6.27). For the coarse-grained 
sample 86c, no clear peak could be identified in the frequency distribution of measured pore areas, but 
a wide range of frequent pore-sizes between 2E+03 to 5E+04 nm² pore area (Figure 6.28) was 
observed. Also, the most fine-grained sample 108a, shows a rather wide range of frequent pore sizes 
between 2E+03 to 1E+04 nm² pore area (Figure 6.28). 
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Figure 6.26: Results of pore-size distribution analysis (number fractions and total porosity contributions) 
for the Ypresian clay samples 20a (a) and 45a (b), from automatic porosity segmentations (thresholding + 
sobel-edge-detection) in Matlab (The MathWorks®, 2011), on high resolution (20,000x magnification) 
SE2-images. 
 
Figure 6.27: Results of pore-size distribution analysis (number fractions and total porosity contributions) 
on the Ypresian clay sample 60a, from automatic porosity segmentations (thresholding + sobel-edge-
detection) in Matlab (The MathWorks®, 2011) on high resolution (20,000x magnification, a) as well as low 
resolution (5,000x magnification, b) SEM data. 
With regard to total porosity contributions, one can clearly distinguish between two different porosity 
regimes, which correspond to (1) larger pores within the clay-matrix of the samples investigated, 
showing typical sizes up to ~ 1E+06 nm² in the fine-grained samples (20a, 45a and 108a; Figures 6.26 
and 6.28), equivalent to type II and type III pores in clay, as described by Desbois et al (2009b) and 
Hemes et al. (2013), and more roundish pores within the clay-matrix of the coarse-grained samples 
analyzed (8a, 60a and 86c), with sizes mostly below 1E+07 nm² pore area (Figures 6.25, 6.27 and 
6.28). 
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Figure 6.28: Results of pore-size distribution analysis (number fractions and total porosity contributions) 
for the Ypresian clay samples 86c (a) and 108a (b), from automatic porosity segmentations (thresholding + 
sobel-edge-detection) in Matlab (The MathWorks®, 2011; shown in red) and ImageJ (Abramoff, 2004; 
purple) for sample 108a (b), as well as after manual cleaning of the porosity segmentation data in ArcGIS 
(ESRI Inc., 2011), applied on the high resolution (20,000x magnification) porosity data of sample 86c 
(Figure 6.26a; shown in green). 
The second largest porosity contribution regime, observed in the porosity distributions of samples 8a 
and 108a (Figures 6.25 and 6.28), but also indicated by emerging porosity contribution peaks in 
samples 45a, 60a and 86c (Figures 6.26, 6.27 and 6.28), shows pore-sizes above 1E+06 to 1E+07 nm² 
in the fine-grained samples (108a and 45a; Figures 6.26 and 6.28) and above 1E+07 to 1E+08 nm² in 
the coarse-grained samples (8a, 60a and 86c; Figures 6.25, 6.27 and 6.28). This porosity regime was 
attributed to larger inter-aggregate pores. The contribution of larger inter-aggregate pores to the total 
observed porosity is probably not clearly indicated in the porosity distributions of samples 45a, 60a 
and 86c (Figures 6.26-6.28), due to the limited size of the BIB-SEM areas analyzed, affecting 
particularly the representative measurement of larger pore-sizes. This phenomenon has already been 
described by Hemes et al. (2013; sections 4.4.2 and 4.4.4), with respect to the representative analysis 
of porosity in Boom Clay using BIB-SEM. 
For comparison, in Figure 6.29 the frequency distribution and total porosity contributions of pore-sizes 
measured in the Boom Clay (chapter 4) are given and highlights two different porosity regimes; 
corresponding to (1) pores within the clay-matrix of the fine-grained Boom Clay samples ON-Mol-1-
184 (EZE54) and ON-Mol-1-196 (EZE55, HADES-level) – with typical sizes below 1E+06 to 1E+07 
nm² pore area, and (2) to much larger inter-aggregate pores, accounting for the major fractions of total 
segmented porosities in the coarse-grained samples ON-Mol-1-168 (EZE52) and ON-Mol-1-253 
(EZE64; Figure 6.29). These larger pores show typical sizes above 1E+07 nm² in sample ON-Mol-1-
168 (EZE52) and even > 1E+08 nm² in the most coarse-grained Boom Clay sample ON-Mol-1-253 
(EZE64; Figure 6.29). The number fraction distributions of pore sizes (areas) measured in the Boom 
Clay are very similar to those observed for the Ypresian clays (Figures 6.25-6.29); with most frequent 
6. High resolution (BIB-SEM) porosity investigations on representative Ypresian clay samples from 
the Kallo-1 (2008) drilling (Belgium) 
 
 
139 
 
pore-sizes between 2E+03 to 2E+04 nm² pore area, corresponding to typical sizes of type I and type II 
pores in clay (Desbois et al., 2009b; Hemes et al., 2013). 
 
Figure 6.29: Number fractions and total porosity contributions of pore-sizes (areas), measured in the 
Boom Clay (chapter 4). 
 Power-law analysis of pore-size distributions 
Plotting pore-size distributions, measured by BIB-SEM porosity analyses on representative cross-
section areas on a double logarithmic scale, shows power-law distributions of pore-sizes (areas), 
within certain pore-size ranges (i.e. above the practical pore detection resolutions – PPRs; section 
6.3.2) for all Ypresian clay samples analyzed (Figures 6.30-6.33). However, one can observe that for 
porosity analyses carried out at high SEM magnifications between 15,000-30,000x, the PPRs seem to 
be shifted towards larger pore-sizes than corresponding to 10 pixels per pore (Table 6.4; Figures 6.30-
6.33). For high resolution porosity analyses, the PPRs were found at pore-sizes corresponding to 
between 30-100 pixels per pore (Figures 6.30-6.33). Moreover, for most of the samples analyzed one 
can observe a change in the slope of the log-log pore-size distribution at pore-sizes corresponding to 
the boundary between typical pores within the clay-matrix and larger inter-aggregate pores (sections 
6.4.4 and 6.4.5). In the most fine-grained Ypresian clay sample 108a, this change occurs ~ 2E+05 nm² 
pore area (Figure 6.33); in the fine-grained sample 45a around 8E+05 nm² pore area (Figure 6.31) and 
in the intermediate sample 20a around 2E+06 nm² (Figure 6.31). 
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For the more coarse-grained samples analyzed, the changes in the slopes of the double logarithmic 
plots of pore-size distributions are less clear, but still noticeable. In samples 60a and 86c they occur ~ 
3E+06 nm² pore area for BIB-SEM porosity analyses carried out at high SEM magnification (i.e. 
20,000x; Figures 6.32 and 6.33) and ~ 6E+06 nm² for samples 8a and 60a – for porosity analyses 
carried out at 5,000x and 15,000x SEM-magnification, respectively (Figures 6.30 and 6.32). 
 
Figure 6.30: Power-law pore-size distribution analyses on low resolution (5,000x magnification, a) and 
high resolution (15,000x magnification, b) porosity segmentation data of the Ypresian clay sample 8a, 
showing power-law exponents (D) from least square linear regression analyses within representative pore 
detection resolution ranges (i.e. above PPRs), between 1.87 and 1.94 for pores within the clay-matrix, and 
between 2.04 and 2.16 for larger inter-aggregate pores. 
 
Figure 6.31: Power-law pore-size distribution analyses on the Ypresian clay samples 20a (20,000x 
magnification, a) and 45a (20,000x magnification, b), showing representative pore detection resolution 
ranges, above PPRs within the clay-matrix, as well as for larger inter-aggregate pores. Power-law 
exponents (D) from least square linear regression analyses are between 1.55 and 1.73 for pores within the 
clay-matrix, and between 2.42 and 2.83 for larger inter-aggregate pores. 
Power-law fitting to the straight parts of pore-size distributions on a double logarithmic scale, using 
least square linear regression analysis (section 6.3.4), results in power-law exponents between 1.55-
1.73 for the small pore-size regime within the clay-matrix of the fine-grained samples analyzed (20a, 
45a and 108a; Figures 6.31 and 6.33; Table 6.9) and between 1.72-1.94 for the more coarse-grained 
samples analyzed (8a, 60a and 86c; Figures 6.30, 6.32 and 6.33; Table 6.9). 
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Figure 6.32: Power-law pore-size distribution analyses on low resolution (5,000x magnification, a) and 
high resolution (20,000x magnification, b) porosity segmentation data of the Ypresian clay sample 60a, 
showing representative pore detection resolution ranges above PPRs within the clay-matrix – with power-
law exponents between 1.83 and 1.93, as well as for larger inter-aggregate pores, revealing power-law 
exponents between 2.24 and 2.65. 
 
Figure 6.33: Power-law pore-size distribution analyses on the Ypresian clay samples 86c (20,000x 
magnification, a) and 108a (30,000x magnification, b), showing representative pore detection resolution 
ranges within the clay-matrix, as well as for larger inter-aggregate pores, with power-law exponents (D) 
from least square linear regression analyses between 1.63 and 1.72 for pores within the clay matrix and 
between 2.21 and 2.4 for larger inter-aggregate pores. 
For the larger, inter-aggregate pore-size regime, least square linear regression analysis results in higher 
power-law exponents between 2.21 and 2.83 for the fine-grained samples analyzed (Figures 6.31 and 
6.33; Table 6.9) and between 2.04 and 2.65 for the more coarse-grained samples (Figures 6.30, 6.32 
and 6.33; Table 6.9). 
Comparing these results to power-law pore-size distribution analyses (linear regression and 
complementary cumulative probability distributions) on the Boom Clay (chapter 4, section 4.3.4; 
Figure 4.13), where only pores within the clay-matrix were taken into account, shows a very good 
agreement of the results for the fine-grained Ypresian clay samples, with power-law exponents from 
least square linear regression analysis on pore-size distributions measured within the clay-matrix of the 
Boom Clay between 1.56-1.63 for the fine-grained samples (ON-Mol-1-184, EZE54 and ON-Mol-1-
196, EZE55) and between 1.64-1.66 for the more coarse-grained Boom Clay samples (ON-Mol-1-168, 
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EZE52 and ON-Mol-1-253, EZE64). From complementary cumulative probability distribution 
functions, slightly higher power-law exponents between 1.68-1.71 were obtained for the fine-grained 
Boom Clay samples (Figure 4.13) and between 1.66-1.74 for the coarse-grained samples (section 
4.3.4; Figure 4.13). Thus, only for the coarse-grained Ypresian clay samples (8a, 60a and 86c), 
significantly higher power-law exponents between 1.72-1.94 were obtained from least square linear 
regression analyses on pore-size distributions measured within the clay-matrix (Figures 6.30, 6.32 and 
6.33, Table 6.9). Interpreting these results with respect to the observed pore morphologies within the 
clay-matrix of the Boom Clay and the Ypresian clays (sections 4.3.4, 4.4.3, 6.4.4 and 6.4.5), shows a 
good agreement, since similar pore morphologies were observed within the clay-matrix of all Boom 
Clay samples (sections 4.3.4, and 4.4.3; Figures 4.10-4.11), which are also similar to pore 
morphologies observed within the clay-matrix of the fine-grained Ypresian clay samples (45a and 
108a; sections 6.4.4 and 6.4.5; Figure 6.21a). On the contrary, within the clay-matrix of the more 
coarse-grained Ypresian clay samples (8a, 60a and 86c), significantly different pore morphologies 
were observed (sections 6.4.4 and 6.4.5; Figure 6.21c). This suggests an existing relationship between 
observed pore space morphologies and measured pore-size distributions from BIB-SEM porosity 
analyses, indicated by the slopes of the double logarithmic plots of pore-size distributions (section 
4.3.4; Figures 4.10-4.13 and sections 6.4.4 and 6.4.5; Figures 6.21 and 6.30-6.33; Table 6.9). 
Table 6.9: Summary of power-law pore-size distribution analyses on the Ypresian clay samples, showing 
representative pore detection resolution ranges within the clay-matrix as well as for larger inter-aggregate 
pores and the resulting power-law exponents (D) from least square linear regression analyses on the 
straight parts of the double logarithmic plots of pore-area distributions (i.e. within the representative pore 
detection resolution ranges; sections 6.3.2 and 6.3.4; Figures 6.30-6.33). 
 
6.5. Discussion 
6.5.1. Impact of sample drying (drying artifacts) 
Prior to BIB-SEM analysis, during sample preparation and before actual sample drying, mm-wide 
cracks were observed, running parallel to the bedding in sample cores 20a and 45a, and oblique to the 
bedding in sample core 60a (section 6.4.1). These suggest either fracturing as a result of drying, 
already before the actual drying of samples, or fracturing due to mechanical unloading. Since the 
sample cores appeared still wet (i.e. water-saturated) during the preparation of samples for BIB-SEM 
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analyses, the preservation of water-saturation and therefore, no fracturing due to drying were assumed. 
The observed cracks were thus interpreted to be due to mechanical unloading and to have developed 
during coring, transport or unpacking of the samples. 
From the weight loss measurements during drying, similar water content porosities between 30 and 43 
Vol.-% were calculated for the different samples analyzed. However, with consistently lower water 
contents measured from drying in air, compared to drying using saturated salt solutions (section 6.4.2; 
Figures 6.2 and 6.3; Table 6.6). This indicates that not all water contained in a sample was extracted 
by drying in air and the use of saturated salt solutions is recommended to ensure a sensitive and 
complete drying and extraction of water from all samples. 
From BIB-SEM analyses on low and high resolution SE2-images after drying, features showing 
characteristics of drying artifacts, as described by Desbois et al. (2014), Houben et al. (2014a) and 
Renard (2012) (section 6.4.4; Figures 6.16, 6.20 and 6.22a-b), were observed in samples 20a and 108a. 
All other samples investigated do not show such features. In samples 20a and 108a moreover, a 
clustering of non-clay mineral grains was observed (section 6.4.4; Figures 6.16 and 6.20). This was 
hypothesized to promote the development of desiccation cracks, due to the shrinkage of the expanding 
clay minerals vs. no volume changes occurring for the non-clay mineral (NCM) grains during drying. 
The differences in shrinkage strain might result in a stress buildup and stress concentrations around the 
regions of non-clay mineral grain clustering and lead to the development of desiccation cracks. Within 
these regions, the original sample microstructures might be deformed and moreover, a concentration of 
porosity might occur in the strain-shadows of the clast grains (Desbois et al., 2009a). XRD (section 
6.2.2) reveals highest concentrations of expanding clay minerals in samples 45a and 20a, indicating 
the highest potential for clay mineral shrinkage, stress concentrations and deformation of the sample 
microstructures in these samples. However, BIB-SEM analyses show no significant impact on the 
observed pore space morphologies in sample 45a (section 6.4.4; Figure 6.17), interpreted to be due to 
the smaller grain-sizes and more homogeneous distribution of non-clay mineral grains within this 
sample. Moreover, Desbois et al. (2014) have shown that drying does not have a significant impact on 
the observed pore space morphologies, including size and shape of the pores on average, if a large 
enough number of pores has been investigated. Although, individual pore shapes and sizes might be 
affected by the different applied drying techniques. These changes however, will not have a significant 
impact on the overall distributions of pore sizes and shapes from a statistical point of view. 
6.5.2. Representativeness of the analyses 
Comparing the results of REA calculations using the ‘box counting method’ (Kameda et al., 2006) and 
results of covariance analyses (Kanit et al., 2003; Keller et al., 2013b), shows that REAs calculated 
using the box counting method were covered for most of the samples analyzed (section 6.4.3; Figures 
6.4-6.9; Table 6.7), both with regard to mineralogical compositions from BSE-image analysis, as well 
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as with regard to porosities measured from SE2-image segmentation. A good agreement was found 
between the results calculated based on mineralogy and based on porosity for samples 8a, 45a, 86c and 
108a (Figures 6.4, 6.6, 6.8 and 6.9), hinting towards an existing correlation between the distribution of 
different mineral phases and the distribution of porosity within these samples, which has already been 
proposed by Hemes et al. (2013; chapter 4). Only for sample 20a, a much smaller REA was calculated 
based on porosity, compared to mineralogical analysis (Figure 6.5), suggesting similar porosities 
within the different mineral phases present in this sample and resulting in no dependence of the spatial 
distribution of porosity on the distribution of different mineral phases within the sample. For sample 
60a on the contrary, the REA calculated based on mineralogy is significantly smaller than the one 
calculated based on porosity (Figure 6.7), hinting towards a very heterogeneous distribution of 
porosity within this sample, irrespective of a rather homogeneous mineralogical composition and 
distribution of different mineral phases within the sample. 
The differences between the results calculated based on the ‘box-counting method’ and from 
covariance analyses (Table 6.7) were explained by the different approaches used by the two methods. 
During box counting, only relative changes in the mineralogical compositions and porosities, from one 
box-size to the next larger one, are taken into account, whereas during covariance analysis the porosity 
distribution within the complete mosaic is considered throughout the entire calculation process. 
Moreover, the results of box counting may be biased by the starting points chosen for the analyses. 
Therefore, in the present study, REAs calculated based on covariance analysis (Kanit et al., 2003; 
Keller et al., 2013b) were considered as more reliable. Based on covariance analyses, the largest errors 
of porosity estimations were calculated for sample 86c (Figure 6.13; Table 6.7). For this sample, also 
during sample preparation for BIB-SEM analysis (section 6.4.1), a small, mm-scale layering of more 
fine-grained, clay-rich vs. more coarse-grained, silt-rich areas was observed, suggesting a potential 
heterogeneity of the sample on a larger scale, which could be mirrored in a more heterogeneous 
distribution of porosity at the scale of BIB-SEM observations (Figure 6.19). 
6.5.3. Porosity analysis 
Total BIB-SEM observed porosities in the Ypresian clays are between 6.2 % before and 17.3 % after 
manual cleaning of the segmentation data. Highest porosities were measured in the most coarse-
grained, non-clay mineral rich samples 8a (17.3 %), 60a (16.3 %) and 86c (~ 16 %), whereas 
significantly lower total porosities were observed in the more fine-grained, clay-rich samples 20a 
(9.9 %), 45a (9.7 %) and 108a (6.2 %). Altogether, this suggests an existing correlation between 
sample grain-size, non-clay mineral content and total BIB-SEM observed porosity, as has already been 
proposed by Hemes et al. (2013; chapter 4, section 4.3.4) for the Boom Clay. 
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 Pore-size distribution analysis 
From quantitative pore-size distribution analysis, two different porosity regimes were identified in 
most of the Ypresian clay samples, each contributing to significant fractions of the total segmented 
porosity. These correspond to (1) pores within the clay-matrix, with sizes mostly below 1E+06 to 
1E+07 nm² and (2) much larger, inter-aggregate pores, with sizes above 1E+07 nm² pore area. Peaks 
in porosity distributions were identified between 2E+05 and 8E+05 nm² pore area for the small pore-
size regime in the fine-grained samples 20a, 45a and 108a and between 8E+05 to 3E+06 nm² in the 
coarse-grained samples 8a, 60a and 86c. Porosity contribution peaks of larger inter-aggregate pores are 
located at pore-sizes ≥ 3E+07 nm² in the fine-grained samples (45a and 108a; Figures 6.26 and 6.28) 
and above 1E+08 nm² in the coarse-grained samples (8a, 60a and 86c; Figures 6.25, 6.27 and 6.28). 
Reasons for the bi-modal porosity distributions were interpreted to be due to the wider grain-size 
distributions observed for the Ypresian clay samples (sections 6.4.1 and 6.4.4), compared to the Boom 
Clay (section 4.2.1), resulting in a highly porous, fine-grained clay-matrix, filling the space in between 
much larger, non-clay mineral grains (section 6.4.4; Figures 6.15-6.20). Significantly larger inter-
aggregate pores were found at the boundaries between the clay-matrix and larger non-clay mineral 
grains (sections 6.4.4 and 6.4.5; Figures 6.15-6.20, 6.22). Power-law analysis of pore-size distributions 
substantiates the existence of different porosity regimes in the Ypresian clays, by showing changes in 
the slopes (i.e. the power-law exponents (D)) of double logarithmic plots of pore-size distributions, at 
pore-sizes corresponding to the boundary between typical intra-clay matrix porosity and larger inter-
aggregate pores (i.e. between 2E+05 and 2E+06 nm² in the fine-grained samples and between 3E+06 
to 6E+06 nm² in the more coarse-grained samples; section 6.4.5; Figures 6.30-6.33; Table 6.9). 
 Contributions of inter-aggregate pores to the total segmented porosities 
Further analyzing the contributions of largest inter-aggregate pores to the total BIB-SEM observed 
porosities, one can see a clear correlation between these contributions [%] and the grain-size of the 
samples analyzed as well as their non-clay mineral contents [dry wt.-%], as measured by XRD (section 
6.2.2; Table 6.10). Plotting the contributions of largest inter-aggregate pores (> 1E+07 nm²) to the 
total segmented porosities against the samples’ NCM-contents (Figure 6.34), illustrates this 
correlation. Moreover, for comparison, the contributions of larger inter-aggregate pores to the total 
BIB-SEM observed porosities [% area analyzed] in the Boom Clay (chapter 4), plotted against the 
Boom Clay samples’ NCM contents [dry wt.-%] were included in the graph, showing a less clear 
correlation than observed for the Ypresian clay samples (Figure 6.34). 
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Table 6.10: Correlation between sample non-clay mineral content from XRD [dry wt.-%] (section 6.2.2), 
grain-size and the contribution of largest, inter-aggregate pores (> 1E+07 nm²) to the total BIB-SEM 
observed porosity [%] for the Ypresian clay samples analyzed. 
 
The observed occurrence of largest inter-aggregate pores at the boundaries between clay-matrix and 
non-clay mineral grains and the increase in pore-size with increasing NCM grain-size (sections 4.3.4, 
4.4.3 and 6.4.4) results in a dependence of the contribution of largest inter-aggregate pores to the total 
BIB-SEM observed and segmented porosity, on the NCM-content and grain-size of a sample (Figure 
6.34; Table 6.10). 
 
Figure 6.34: Correlation between non-clay mineral content [dry wt.-%] of a sample and contribution of 
largest inter-aggregate pores (> 1E+07 nm²) to the total BIB-SEM observed porosity [%]. 
 Automatic porosity segmentation vs. manual cleaning (error-range) 
Results of quantitative porosity analysis are still preliminary, since insights into larger pore bodies 
make fully automatic porosity segmentation impossible and manual cleaning of the segmentation data 
is necessary. However, this is very time-consuming and therefore, was only carried out for samples 8a 
6. High resolution (BIB-SEM) porosity investigations on representative Ypresian clay samples from 
the Kallo-1 (2008) drilling (Belgium) 
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and 86c, on high resolution porosity segmentation data (section 6.4.5). An evaluation of the impact of 
manual cleaning on the automatically segmented porosities will be given in the following: 
 
Figure 6.35: Comparison of automatic and manually cleaned porosity segmentation data (i.e. pore-size 
number fractions and total porosity contributions) for sample 8a (15,000x magnification, a) and sample 
86c (20,000x magnification, b). 
Comparison of pore-size distributions before and after manual cleaning of the segmentation data 
shows similar porosity and pore-size distributions with only a slight shift of measured pore-size 
frequencies towards larger pore-sizes (Figure 6.35). This shift was explained by the cleaning of the 
smallest pores, corresponding to segmentation artifacts, due to method inherent background noise in 
SE2-images, still existing sample surface roughness of BIB-polished cross-sections, curtaining 
irregularities and coating of samples (Desbois et al., 2013a; Hemes et al., 2013; Klaver et al., 2012; 
section 4.2.2). Despite the very similar pore-size frequency and total porosity contribution 
distributions, still an increase in total BIB-SEM observed porosities was noticed after manual cleaning, 
corresponding to ~ 14.9 % of the total BIB-SEM observed porosity before manual cleaning in sample 
8a, and to ~ 11.6 % in sample 86c. This porosity increase was attributed to the manual correction of 
the largest segmented pores, allowing for an insight into the pore bodies at clay – non-clay mineral 
interfaces. 
Since contributions of largest inter-aggregate pores to total BIB-SEM observed porosities seem to 
correlate with a sample’s grain-size and non-clay mineral content (Figure 6.34, Table 6.10), we 
assume the impact of manual cleaning on the total BIB-SEM observed porosity also to correlate with a 
sample’s grain-size and NCM-content. Therefore, we expect the porosity increase after manual 
cleaning to be less than 14.9 % of the total observed porosity before manual cleaning, for the rest of 
the Ypresian clay samples analyzed, due to their smaller grain-sizes and lower NCM-contents. 
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 Comparison of observed microstructures and pore morphologies in the Ypresian clays to the 
Boom Clay (chapter 4) 
Comparing microstructures and pore space morphologies observed by BIB-SEM analyses on the 
Ypresian clays to the Boom Clay (chapter 4), shows the most significant difference with respect to the 
grain-size distribution of the samples, being much wider and covering a much larger range of grain-
sizes – from very fine-grained, clayey material to large, sand-sized particles – in the Ypresian clays 
(sections 6.4.1 and 6.4.4), compared to mostly clay and silt-sizes particles in the Boom Clay (section 
4.2.1; Figure 4.2). 
In the coarse-grained Ypresian clay samples, very large, up to 10 µm in diameter pores allow for an 
insight into the pore bodies, displaying the pore space internal microstructure in 3D (Figures 6.15, 
6.18, 6.19 and 6.22c-d). Largest pores seem to be predominantly located at the boundaries between 
clay-matrix and non-clay mineral grains and moreover, their sizes seem to correlate with the size of 
the adjacent non-clay mineral grains. Such a correlation has already been hypothesizes and observed 
for the Boom Clay samples analyzed (chapter 4, sections 4.3.4, 4.4.3 and 4.5; Hemes et al., 2013). 
Pore-size distribution analyses moreover, reveal bi-modal porosity distributions for the Ypresian clays 
(section 6.4.5; Figures 6.25-6.28), compared to unimodal porosity distributions for the Boom Clay 
(chapter 4; Figure 6.29). Similar microstructures and pore morphologies were observed within the 
clay-matrix of fine- and coarse-grained Boom Clay and fine-grained Ypresian clay samples (45a and 
108a; sections 4.3.4, 6.4.4 and 6.4.5), whereas significantly different pore morphologies were 
observed in the coarse-grained Ypresian clay samples (8a, 60a and 86c; sections 6.4.4 and 6.4.5). 
Power-law pore-size distribution analyses substantiate these microstructural qualitative observations 
by showing similar power-law exponents (D) of pore-size distributions measured within the clay-
matrix of the Boom Clay (section 4.3.4; Figure 4.13) and within the clay-matrix of the fine-grained 
Ypresian clay samples (section 6.4.5, Table 6.9), whereas higher power-law exponents were measured 
within the clay-matrix of the more coarse-grained Ypresian clay samples (section 6.4.5, Table 6.9), 
hinting towards a higher relative frequency of smaller pore-sizes within the clay-matrix of these 
samples. Moreover, a bedding parallel preferred orientation of the clay-minerals’ longest axes and the 
elongated pores’ within the clay-matrix longest axes was observed for the fine-grained Boom Clay 
samples analyzed (section 4.3.4; Figure 4.14). The absence of a bedding parallel preferred orientation 
of the clay minerals and pores’ longest axes in the coarse-grained, non-clay mineral rich Boom Clay 
samples as well as the Ypresian clay samples analyzed (section 4.3.4; Figure 4.14 and section 6.4.5; 
Figures 6.23 and 6.24) was interpreted to be due to the interruption of the continuity of the clay-matrix 
microstructure by the presence of larger non-clay mineral grains, which appear more frequently in 
these samples and hinder a bedding parallel preferred orientation and alignment of the clay minerals 
(section 4.3.4, Figures 4.8 and 4.9 ; sections 6.4.4 and 6.4.5; Figures 6.15-6.16, 6.18-6.19; 6.23 and 
6.24). 
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6.6. Summary, conclusions and outlook 
BIB-SEM analysis on representative Ypresian clay samples from the Kallo-1 drilling (Belgium) at low 
SEM-magnification shows wider grain-size distributions and higher contributions of larger, silt-sized 
particles to the overall sample microstructures in the Ypresian clays, compared to the Boom Clay 
(chapter 4). The wider grain-size distributions and higher silt to fine-sand contributions to the overall 
sample microstructures were interpreted to result in bi-modal porosity distributions, observed for most 
of the Ypresian clay samples analyzed (section 6.4.5; Figures 6.25-6.28). Significant porosity 
contributions were measured both within the small pore-size regime within the clay-matrix – with 
pore-sizes mostly below 1 µm equivalent diameter (ed) in the fine-grained Ypresian clay samples and 
below ~ 3.6 µm (ed) in the more coarse-grained samples – as well as for larger, inter-aggregate pores, 
showing sizes above 3.6 µm (ed) in the fine-grained samples and > 10 µm (ed) in the coarse-grained 
samples (section 6.4.5; Figures 6.25-6.28). 
BIB-SEM analysis at high SEM-magnification shows pore morphologies within the clay-matrix of the 
fine-grained Ypresian clay samples similar to pore morphologies observed within the clay-matrix of 
the Boom Clay (chapter 4). However, significantly different microstructures and pore space 
morphologies were observed within the clay-matrix and in general for the more coarse-grained 
Ypresian clay samples (sections 6.4.4 and 6.5.3). These qualitative observations were substantiated by 
similar power-law exponents of pore-size distributions measured within the clay-matrix of the fine-
grained Ypresian clay samples and all Boom Clay samples analyzed (section 4.3.4, Figure 4.13 and 
section 6.4.5, Figures 6.30-6.33; Table 6.9), whereas higher power-law exponents of pore-size 
distributions were measured within the clay-matrix of the more coarse-grained Ypresian clay samples, 
hinting towards higher relative frequencies of smaller pores within the clay-matrix of these samples 
(see also Figure 6.21c). 
To analyze the connectivity of the pore space in the Ypresian clays and in particular of the pores, 
which are part of the different porosity regimes, defined for the Ypresian clays as well as within these 
porosity regimes, FIB-SEM tomography and X-ray µ-CT are suggested in combination with BIB-SEM 
(see chapter 5), to cover all relevant microstructural levels of resolution. Moreover, a combination of 
these methods with pore network extraction modeling (PNE; Dong and Blunt, 2009) is recommended, 
to discriminate between pore bodies and pore throats and to measure and be able to analyze pore throat 
size distributions, which furthermore, can be compared to bulk sample MIP data. Moreover, Wood’s 
metal injection in combination with cooled BIB-milling and SEM provides an alternative to 
conventional MIP, with the advantage of enabling a visualization of the Wood’s metal filled pore 
space after the injection procedure (chapter 7; Klaver et al., 2015a). 
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milling and SEM – to visualize the connectivity of the pore space and 
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Abstract 
Measuring porosity, pore space connectivity as well as the permeability of fine-grained clayey or shale 
samples – such as the Boom Clay, Opalinus Clay or the Haynesville and Bossier shales – is of major 
importance for radioactive waste disposal, CO2-storage and the oil and gas industries. An established 
method for accessing interconnected porosities down to the nm-scale is Mercury Intrusion Porosimetry 
(MIP). However, this method is only indirect and up to now, very few direct observations exist of 
Mercury filled pore space. Potentially, the pore space of fine-grained, low permeable materials is also 
being compressed, compacted and therefore deformed during the high pressure liquid metal injection. 
Wood’s metal has very similar properties to mercury, but is less toxic and solid at ambient conditions 
and therefore, can be visualized after the injection procedure using for example cooled broad-ion beam 
(BIB) milling in combination with high resolution scanning electron microscopy (SEM). This 
approach has been presented by Klaver et al. (2015a), delivering a suitable alternative to MIP. In the 
present study, Wood’s metal injection was applied on fine- (ON-Mol-1-196, EZE55, HADES-level) 
and coarse-grained (ON-Mol-1-253, EZE64) Boom Clay, one Ypresian clay sample of intermediate 
grain-size (ON-Kallo-1-020a) as well as a shaly facies Opalinus Clay sample (results are partly from 
Houben, 2013 and Klaver et al., 2015a). The maximum applied injection pressure was 316 MPa and 
thus, according to Washburn’s equation, pores down to 4.1 nm in throat diameter should have been 
                                                     
 
9
 Parts of this chapter are included in: Klaver, J., Hemes, S., Houben, M.E., Desbois, G., Radi, Z. and Urai, J.L. 
(2015). The connectivity of pore space in mudstones: insights from high pressure Wood's Metal Injection, BIB-
SEM imaging and Mercury Intrusion Porosimetry. Geofluids (2015). 
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accessed (Washburn, 1921). Afterwards, the samples were cooled BIB-polished, to keep the 
temperature below 40°C, and the pore space and microstructures were analyzed using SEM-imaging. 
Results show between 90-100 % of the resolved pore space, down to pore throat diameters of ~ 7-10 
nm (pixel-resolution), being filled by the Wood’s metal alloy, suggesting a high connectivity of the 
pore space in fine- and coarse-grained Boom Clay as well as the Ypresian clay sample analyzed. 
Moreover, only very limited indications for sample compression, compaction and deformation of the 
sample microstructures and pore space were observed. However, in the Opalinus Clay sample, most of 
the resolved pore space remained unfilled and Wood’s metal was only observed in fractures and 
porosity directly connected to these fractures (Houben, 2013). Therefore, we conclude that Wood’s 
metal injection and Mercury Intrusion Porosimetry (MIP) might result in reliable porosity information; 
however, only if the results are checked by direct analysis using e.g. BIB-SEM, to visualized the 
interconnected pore space directly.  
 
Key words: 
Wood’s metal injection, pore space connectivity, Mercury Intrusion Porosimetry (MIP), scanning 
electron microscopy (SEM), BIB-milling, Boom Clay, Ypresian clays 
 
7.1. Introduction 
Mercury Intrusion Porosimetry (MIP) is a well-established tool for accessing and evaluating 
interconnected porosity volumes down to ~ 3 nm in pore throat diameter also in fine-grained 
argillaceous materials, although the correctness of the obtained results and in particular the measured 
pore-size distributions remain questionable (Abell et al., 1999; Diamond, 2000; Hildebrand and Urai, 
2003; Moro and Böhni, 2002; Penumadu and Dean, 2000; Romero and Simms, 2008; Willis et al., 
1998; Klaver et al., 2015a). Only very limited observations exist of Mercury filled pore space (e.g. 
Giesche, 2006; Moro and Böhmi, 2002) and several studies highlight the differences between 
porosities and pore-size distributions obtained by MIP and conventional SEM-image analyses (e.g. 
Abell et al., 1999 for cement-based materials; Hildenbrand and Urai, 2003 for mudstones, or Romero 
and Simms, 2008 for sandy and clayey soils). The deviations in measured pore-size distributions are 
mostly attributed to the so-called ‘ink-bottle effect’ (Diamond, 2000; Moro and Böhni, 2002), 
describing the incomplete filling of pores at pressures corresponding to their actual pore throat 
diameters (Washburn, 1921), due to the ‘ink-bottle-like’ shape of the pores and resulting in an 
attribution of porosity volumes to smaller pore-sizes than corresponding to the actual pore-throat entry 
diameters as well as a shift of the measured porosity distributions towards smaller pore-sizes. 
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Another problem results from the high injection pressures applied during MIP, potentially leading to 
sample compression, compaction and deformation of the sample microstructure as well as erroneous 
porosity measurements. These issues have been discussed e.g. by Penumadu and Dean (2000), 
Hildenbrand and Urai (2003), Romero and Simms (2008) as well as Yao and Liu (2012), reporting the 
compressibility of kaolin clay during MIP (Penumadu and Dean, 2000), compression of fine-grained 
materials by WMI and MIP and deformation of the clay fabric at high injection pressures (Hildebrand 
and Urai, 2003) as well as the deformation or destruction of coal samples, due to compression of the 
pore structure during high pressure MIP (Yao and Liu, 2012). 
Wood’s metal has very similar properties to mercury, but is less toxic and solid at ambient conditions 
and can therefore be visualized after the injection procedure using e.g. cooled broad-ion beam (BIB) 
milling in combination with scanning electron microscopy (SEM). This approach has been presented 
by Klaver et al. (2015a), showing a suitable alternative to MIP, with the advantages of providing direct 
insights to the Wood’s metal filled pore space and allowing a direct assessment and analysis of the 
pore space connectivity as well as measuring pore-size distributions. Moreover, information on sample 
compression, compaction and deformation of sample microstructures, including pore space 
morphologies, can be obtained by direct SEM image-analysis. 
Existing studies, using Wood’s metal injection instead of mercury for measuring porosities and 
afterwards imaging the pore space with SEM, exist by Dullien (1981) and Yadav et al. (1987) on 
sandstones, Willis et al. (1998) and Abell et al. (1999) on cements, Nemati (2000) on concrete, 
Hildenbrand and Urai (2003) on mudstones, Lloyd et al. (2009) on porous ash and Galaup et al. (2012) 
on carbonates. However, these studies are limited by the quality of the SEM-images after mechanical 
polishing. Klaver et al. (2015a) for the first time used cooled broad-ion-beam (BIB) milling in 
combination with SEM, to produce high quality polished surfaces of Wood’s metal injected samples 
of the Boom Clay, Opalinus Clay as well as Haynesville and Bossier shales and revealed significant 
sample compression and deformation of pore space microstructures. 
7.2. Methodology and samples investigated 
The Boom Clay and the Ypresian clays are the two reference materials for research on a potential host 
rock formation for radioactive waste disposal in Belgium (ONDRAF/NIRAS, 2013a). To access and 
evaluate parameters, like diffusivity and permeability, which are relevant for a better understanding of 
radionuclide transport processes, it is crucial to characterize the pore space of the materials and its 
connectivity in detail and down to the nm-scale resolution. Therefore, in the present study, Wood’s 
metal injection (WMI) was applied on representative samples of fine- and coarse-grained Boom Clay 
(Figures 7.2-7.6; 7.9-7.11) as well as one Ypresian clay sample of intermediate grain-size (Figure 7.8). 
Moreover, some of the results by Houben (2013) and Klaver et al. (2015a) on Opalinus Clay are 
presented (Figure 7.7). 
  
154 
 
The two Boom Clay samples originate from the Mol-1 borehole (Belgium) and the Ypresian clay 
sample from the Kallo-1 drilling (Belgium). The Boom Clay samples correspond to fine-grained, clay-
rich (~ 51 dry wt.-% clay minerals) end member material at Mol-1 (ON-Mol-1-196, sample EZE55), 
from the level of depth of the HADES-URF (Hemes et al., 2013; Zeelmaekers, 2011), as well as to 
more coarse-grained, non-clay mineral-rich material, containing only ~ 28 dry wt.-% clay minerals 
(ON-Mol-1-253, sample EZE64; chapter 4.2.1). The Ypresian clay sample analyzed (ON-Kallo-1-020-
a1; ONDRAF/NIRAS, 2013b) shows an intermediate grain-size distribution and a high clay content, 
of ~ 69 dry wt.-% (section 6.2.2). The shaly facies Opalinus Clay (OPA) sample is a clay-rich 
specimen, containing ~ 58 dry wt.-% clay, ~ 22 dry wt.-% carbonates and ~ 20 dry wt.-% quartz and 
feldspars (Houben 2013). The OPA sample originates from a depth of ~ 300 meters from the Mont 
Terri underground research laboratory (Switzerland, Houben, 2013; Klaver et al., 2015a). 
Previous 2D BIB-SEM (chapter 4), 3D FIB-SEM and X-ray µ-CT in combination with pore network 
extraction modeling (PNE; Dong and Blunt, 2009; chapter 5) as well as Mercury Intrusion 
Porosimetry (MIP; chapter 4) on the Boom Clay have shown the major pore space connectivity in 
fine-grained, clay-rich Boom Clay being controlled by pores within the clay-matrix, whereas in more 
coarse-grained, NCM-rich samples, larger inter-aggregate pores contribute to the overall pore space 
connectivity (sections 4.3.5 and 4.4.6) and potentially increase the permeability of the material (Hemes 
et al. 2013 and 2015). FIB-SEM tomography in combination with PNE modeling (Dong and Blunt, 
2009; Hemes et al., 2015) has revealed a high connectivity of the pore space in fine-grained (ON-Mol-
1-196, EZE55, HADES-level) Boom Clay, with ~ 87 % of the total resolved porosity being 
interconnected via pore throats down to ~ 20 nm in diameter (chapter 5; Hemes et al., 2015). 
7.2.1. WMI and cooled BIB-milling 
The WMI apparatus used in the present contribution is depicted in Figure 7.1 and was developed “in 
house” at the RWTH Aachen University (Energy and Mineral recourses group, EMR; GED). It 
consists of a pressure cell and two pistons. Moreover, it is equipped with an external heating and a 
thermocouple for temperature control during the experiment. A nut and the lower steel piston, 
equipped with a thread, are used to release the Wood’s metal cylinder with the injected samples, after 
cooling, at the end of the experiment. 
For Wood’s metal injection, a solid WM piece is inserted into the pressure cell, with the lower piston 
in place (Figure 7.1); the cell is heated to ~ 75 °C, ensuring the Wood’s metal to melt, which is 
checked by temperature control and visual inspection. Afterwards, the oven-dried (at 80 °C for at least 
24 hours) sample pieces of below 0.5 x 0.5 x 0.5 cm in dimensions are inserted into the cylinder and 
immersed into the molten alloy. The upper piston is put in place and the pressure cell is loaded, using 
a manually-controlled hydraulic press (max. 10 tons), equipped with a pressure gauge. The pressure is 
increased in 10-20 MPa steps per 10 minutes, to a maximum pressure of 316 MPa. After the maximum 
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pressure has been reached, the heating is turned off and the system is let over night at high pressure to 
cool. The next morning, the pressure is released and the solidified Wood’s metal cylinder, containing 
the samples, is gently pushed out of the stainless steel cylinder by putting the lower piston back in 
(Figure 7.1; Klaver et al., 2015a). 
 
Figure 7.1: Pressure cell used for the injection of Wood’s metal under high pressures (after Hildebrand 
and Urai, 2003; Klaver et al., 2015a). The pressure cell is made of stainless steel and consists of a cylinder 
and two pistons. Moreover, a heating string is wrapped around the cell and a thermocouple is used for 
temperature control. An intermediate steel shell, a nut and the lower steel piston, equipped with a thread, 
are used to release the Wood’s metal cylinder, including the samples, after the experiment (Klaver et al., 
2015a). 
In the present study, a maximum injection pressure (P) of 316 MPa was used, resulting in smallest 
theoretically accessible pore throat diameters (d) of 4.1 nm, calculated after Washburn’s equation 
(Washburn, 1921): 
P = − 4 γ cos θ / d   (Equation 7.1) 
For the calculation, an interfacial tension (γ) of Wood’s metal of 0.420 N/m and a wetting angle (θ) of 
140° (after Abell et al., 1999; Hildebrand and Urai, 2003 and Klaver et al., 2015a) were used. The 
chemical composition of the Wood’s metal alloy is 50 % bismuth (Bi), 25 % lead (Pb), 12.5 % tin (Sn) 
and 12.5 % cadmium (Cd). The alloy melts at temperatures above 70 °C, but has remaining physical 
properties similar to mercury (Klaver et al., 2015a). 
After release from the pressure cell, the samples are mechanically sawed out of the WM cylinder at 
room temperature, followed by pre-polishing using silicon carbide papers down to grit-size P2400 
(ISO/FEPA Grit; sections 4.2.2, 5.2.1 and 6.3.1), to optimize the subsequent BIB-polishing. 
To not re-melt the WM inside the samples, a ‘Technoorg Linda Co. Ltd. SC-1000 argon-ion beam 
polisher’, equipped with a Peltier module to keep the temperature below 40 °C during ion-beam 
milling, was used to produce large, planar cross-sections with low surface roughness. The samples are 
polished in two subsequent steps and rotated during the ion-milling; a focused high-energy ion gun 
(FHEG) is used for initial polishing of ~ 90 minutes at an incident angle of 6° and using an anode 
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voltage of 10 kV as well as a focus voltage of 5 kV. Afterwards, a focused low-energy ion gun 
(FLEG) is used for final cleaning at two different voltages, starting with an anode voltage of 1 kV and 
a focus voltage of 0.7 kV, followed by an anode voltage of 0.4 kV and a focus voltage of 0.28 kV. 
Both times an incident angle of 9° was used and milled for 15 minutes at each voltage. Resulting 
polished cross-sections are ~ 1 cm² in size. For a more detailed description of the method, it is referred 
to Klaver et al. (2015a). 
7.2.2. SEM-imaging and analysis 
Scanning electron microscopy (SEM) was used to visualize the Wood’s metal filled pore space after 
the injection, with a maximum magnification of 40,000x, resulting in a pixel-resolution of 7.3 x 7.3 
nm. Details of the BIB-SEM method are presented in sections 4.2.2 and 6.3.2. For analysis of the 
Wood’s metal filled pore space, BSE-images were used instead of SE2-images (Hemes et al., 2013), 
since the Wood’s metal provides a very high contrast (high density), compared to the sample material 
and is therefore, easily recognizable in the BSE-images. 
For a first quantitative analysis, automatic porosity segmentation was carried out, using a combination 
of thresholding and sobel-edge-detection in Matlab (The MathWorks®, 2011; Hemes et al., 2013; 
sections 4.2.2, 5.2.5 and 6.3.4).  
7.3. WMI - BIB-SEM results 
Preliminary results of WMI on representative fine- and coarse-grained Boom Clay (ON-Mol-1-196, 
EZE55, HADES-level and ON-Mol-1-253, EZE64), one Ypresian clay sample of intermediate grain-
size (ON-Kallo-1-020a) as well as one Opalinus Clay (shaly facies) sample are presented. 
7.3.1. Qualitative analysis 
SEM (BSE) images of the analyzed samples after WMI show varying degrees of pore space filling by 
the liquid alloy. However, the smallest pores, observed filled with Wood’s metal, are ~ 10-30 nm in 
diameter in all samples investigated (Klaver et al., 2015a; Figures 7.5d, 7.6 and 7.7). 
In the coarse-grained Boom Clay sample ON-Mol-1-253 (EZE64), up to 90 % of the resolved pore 
space at SEM magnifications between 3,000 and 40,000-times was filled by the Wood’s metal 
(Figures 7.2, 7.3, 7.9 and 7.11). 
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Figure 7.2: SEM-images of Wood’s metal filled pore space in coarse-grained (ON-Mol-1-253, EZE64) 
Boom Clay, showing a SE2-image overview (a), indicating the locations of higher resolution BSE-image 
mosaics, shown in Figures 7.2c-d. The BSE-image mosaic in b) was taken at a magnification of 40,000x 
and the one in c) at 3,000x SEM-magnification. The yellow dashed box in Figure 7.2c) shows the region for 
further analysis, as shown in Figure 7.3. In Figure 7.2d, a region of potential compaction and deformation 
of the clay-matrix and internal microstructure is shown, resulting in unfilled pore space at the edges of a 
rigid non-clay mineral (quartz) grain. 
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Figure 7.3: Wood’s metal filled pore space in coarse-grained Boom Clay (ON-Mol-1-253, EZE64); a) BSE-
image overview (Figure 7.2c) taken at 3,000x magnification. b) Fracturing of quartz-grains and WM-filled 
cracks within the grains in a region of high NCM-content and larger grain-sizes. Figures 7.3c-e show some 
unfilled cracks as well as an entirely unfilled porous region within the clay-matrix, highlighted in Figure 
7.3e. 
WMI on fine-grained, clay-rich (ON-Mol-1-196, EZE55, HADES-level) Boom Clay results in an 
entirely filled pore space, resolved by SEM image analysis down to a maximum resolution of 14.7 x 
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14.7 nm (pixel-size), corresponding to a SEM-magnification of 20,000x (Figures 7.4-7.6 and 7.10). 
Smallest resolved WM-filled pores are ~ 20-30 nm in diameter (Figures 7.5d and 7.6). 
 
Figure 7.4: Entirely filled pore space within the clay-matrix of fine-grained (ON-Mol-1-196, EZE55, 
HADES-level) Boom Clay; also around rigid clast grains and in framboidal pyrite aggregates, imaged at 
different SEM-magnifications of 109x (a), 1,030x (b), 2,170x (c) and 5,030x (d). 
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Figure 7.5: Entirely filled pore space in fine-grained (ON-Mol-1-196, EZE55, HADES-level) Boom Clay, 
imaged at high SEM magnification of 20,000x (BSE-image mosaic). Note that even in regions around rigid 
clast grains the resolved pore space is filled by the Wood’s metal alloy (Figure 7.10 shows a close-up view). 
Smallest resolved pores are ~ 20-30 nm in diameter (Figures 7.5d and 7.6). 
 
Figure 7.6: Smallest WM-filled pores, resolved at 20,000x BSE-image magnification in fine-grained (ON-
Mol-1-196, EZE55, HADES-level) Boom Clay of ~ 20-30 nm in diameter. 
In the Opalinus Clay (shaly facies) sample, analyzed by Klaver et al. (2015a), Wood’s metal was only 
observed in cracks as well as porosity directly connected to these cracks (Figure 7.7). The only 
exception was one layer impregnated by WM (see inset Figure 7.7s); Klaver et al., 2015a). The 
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majority of the pore space, resolved within the clay-matrix, remained unfilled. For further analysis and 
details of the results on Opalinus Clay see Klaver et al. (2015a). 
 
Figure 7.7: Results of Wood’s metal injection on a shaly facies Opalinus Clay sample (Houben, 2013; 
Klaver et al., 2015a), showing Wood’s metal only in fractures (a, b) and porosity directly connected to 
these fractures (b). c) shows incomplete Wood’s metal filling of up to 500 nm wide fracture openings and 
(d) the smallest resolved WM-filled pore tips of ~ 10 nm in diameter (Figure modified from Klaver et al., 
2015a). 
Also in the coarse-grained Boom Clay sample (ON-Mol-1-253, EZE64), some isolated, unfilled 
porous regions were observed (Figures 7.3d-e and 7.9). Moreover, in this sample, the smallest 
resolved pores within the clay-matrix remained unfilled (Figure 7.2d). 
In the Ypresian clay sample ON-Kallo-1-020a, nearly the entire resolved pore space, imaged at a 
SEM-magnification of 20,000-times, was filled by the liquid Wood’s metal alloy, except for a few 
cracks (Figure 7.8). 
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Figure 7.8: Nearly entirely Wood’s metal filled pore space, resolved at a BSE-image magnification of 
20,000x, in ON-Kallo-1-020a Ypresian clay. Only very few, larger cracks remained unfilled. However, this 
could also be due to pressure release after unloading of the WM-injected sample. 
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Figure 7.9: Signs of microstructural deformation and compaction of the clay-matrix and pore space 
around an unfilled porous region of the coarse-grained ON-Mol-1-253 (EZE64) Boom Clay sample, 
suggesting the cutting off of pore pathways, resulting in an inaccessibility of the porosity to Wood’s metal, 
due to capillary resistance at high WM injection pressures. 
The unfilled pore space in the coarse-grained ON-Mol-1-253 (EZE64) Boom Clay mainly corresponds 
to the smallest pores within the clay-matrix as well as porosity located at the boundaries between clay-
matrix and NCM grains (Figure 7.2d). Moreover, some isolated porous regions within the clay-matrix 
of the sample remained unfilled (Figures 7.3d-e and 7.9). Furthermore, some fractures remained 
unfilled (Figures 7.2d and 7.3c-e). Smallest WM-filled pore tips, observed in this sample, were also ~ 
7-10 nm in diameter. 
No signs of deformation (i.e. compaction) of the clay-matrix and internal microstructure of the pore 
space were observed in fine-grained (EZE55, HADES-level) Boom Clay after WMI (Figure 7.10), 
showing similar microstructures and pore morphologies as observed in fine-grained (ON-Mol-1-196, 
EZE55, HADES-level) Boom Clay from conventional BIB-SEM analysis without Wood’s metal 
injection; also within the clay-matrix around a rigid NCM-grain (Hemes et al., 2013; section 4.3.4; 
Figures 4.12c and 7.10). 
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Figure 7.10: Wood’s metal filled pore space in fine-grained HADES-level Boom Clay (BSE-image at 
20,000x magnification), showing a region around a rigid NCM-grain, with no signs of deformation (i.e. 
compaction) of the clay-matrix and internal microstructure. For comparison, see Figure 4.12c (chapter 
4.3.4), showing very similar microstructures and pore space morphologies within the clay-matrix of 
sample ON-Mol-1-196 (EZE55, HADES-level) around a rigid NCM-grain, from conventional BIB-SEM 
analysis, without Wood’s metal injection (Hemes et al., 2013). 
7.3.2. Quantitative analysis of WM-filled pore space in coarse-grained (ON-Mol-1-253, EZE64) 
Boom Clay 
From a first quantitative porosity analysis on the Wood’s metal injected coarse-grained Boom Clay 
sample (ON-Mol-1-253, EZE64), total porosities between 18.9 and 27 % were observed at 40,000x 
and 3,000x SEM-magnifications, respectively (Figures 7.2, 7.3 and 7.11). In Figure 7.11 the filled 
pore space is highlighted in pink and the unfilled pore space in green, showing results of automatic 
porosity segmentation by thresholding and sobel-edge detection in Matlab (The MathWorks®, 2011; 
section 7.2.3). 
At 3,000x SEM-magnification (Figures 7.2c and 7.3a), up to 100 % of the resolved pore space was 
filled by the Wood’s metal alloy and at 40,000-times BSE-image magnification, ~ 91 % of the total 
resolved pore space was filled, corresponding to 17.2 % of the total area analyzed (Figure 7.11). The 
unfilled porosity of ~ 9 % of the total porosity was mostly attributed to the smallest pore-size regime 
within the clay-matrix as well as to some fractures (Figure 7.11). 
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Figure 7.11: WM-filled (pink) vs. unfilled pore space (green) in ON-Mol-1-253 (EZE64) Boom Clay after 
porosity segmentation using thresholding and sobel-edge detection (Matlab; The MathWorks®, 2011), 
imaged at 40,000x magnification (Figure 7.2b and d). 
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7.4. Discussion 
In a highly porous and permeable rock, saturated with a fluid at high pressure, the effective stress is 
zero as the fluid pressure is equal to the confining pressure (Terzaghi, 1923). In a WMI or MIP 
experiment this situation may be approximated, if the fluid can enter a backbone of the pore space at 
low pressure and fill smaller pores at increasing pressures (Klaver et al., 2015a). However, if larger 
volumes of a sample can only be accessed at high pressure, these volumes may be compacted to an 
unknown extent below this pressure, and this compaction cannot be detected from the MIP data alone. 
A similar process takes place, due to preferential intrusion, as a result of microstructural anisotropies 
and cracks (Klaver et al., 2015a). 
In the present study, Wood’s metal injection up to a pressure of 316 MPa – in theory being able to 
access pores down to 4.1 nm in pore throat diameter (Washburn, 1921; Klaver et al., 2015a) – results 
in a nearly complete filling of the pore space in fine- and coarse-grained Boom Clay (ON-Mol-1-196 
and ON-Mol-1-253; Figures 7.2-7.6 and 7.9-7.11) as well as in one Ypresian clay sample of 
intermediate grain-size (ON-Kallo-1-020a; Figure 7.8). Comparison of the results to WMI on a fine-
grained, clay-rich, shaly facies (~ 58 dry wt.-% clay content) Opalinus Clay sample (Houben, 2013; 
Klaver et al., 2015a), shows Wood’s metal only in fractures and porosity directly connected to these 
fractures (Figure 7.7). 
SEM image analysis, after cooled BIB-milling down to a maximum resolution of 7.3 x 7.3 nm (pixel-
size) on the coarse-grained Boom Clay sample ON-Mol-1-253 (EZE64), shows very few, isolated 
porous regions, which were interpreted to be due to elastic and inelastic compaction of the clay-matrix 
and the clast grains, resulting in a deformation of the sample microstructure and pore space (Figure 
7.9). Particularly, in regions of heterogeneous mineralogical composition (i.e. at the boundaries 
between clay-matrix and non-clay mineral grains), or in the case of microstructural heterogeneities – 
such as cracks – an inhomogeneous, preferential or incomplete filling of the pore space, e.g. as a result 
of high pore body to pore throat ratios and due to capillary resistance, might create an effective 
confining pressure around unfilled porous regions, once the injection pressure exceeds the internal 
pore pressure (Giesche, 2006; Penumadu and Dean, 2000; Terzaghi, 1923; Yao and Liu, 2012; Klaver 
et al., 2015a). The compaction of the clay-matrix results in a deformation of the microstructure and 
might close smaller pores as well as cut off pore pathways. Moreover, deformation (i.e. compaction) 
might result in a closure of micro-cracks and a bending, sliding or rotation of mineral grains (Klaver et 
al., 2015a). However, processes such as stress-bridging and local clay particle compression within 
stress bridges around non-clay mineral grains (Figures 7.2d, 7.9 and 7.10) have also been described by 
Schneider et al. (2011) in mudstones, without additional sample compression by MIP or WMI, and 
were moreover, observed in the Boom Clay samples analyzed by Hemes et al. (2013; chapter 4, 
section 4.3.4; Figure 4.12c), using conventional BIB-SEM, without WMI. On the contrary, the much 
more homogeneous – with regard to mineralogical composition and grain-size distribution – fine-
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grained and less fractured Boom Clay sample ON-Mol-1-196 (EZE55), shows no variations in the 
filling of the pore space and resulted in an entirely Wood’s metal filled pore space at a maximum 
injection pressure of 316 MPa, observed down to the resolution of the SEM (~ 10-20 nm pore throat 
diameter; Figures 7.4-7.6 and7.10). 
The results of the present study are in good agreement with previous direct pore space connectivity 
analyses by Hemes et al. (2015; chapter 5), using a combination of X-ray µ-CT, BIB-SEM and FIB-
SEM, with pore network extraction modeling (PNE; Dong and Blunt, 2009), to directly visualize the 
pore space connectivity in fine-grained Boom Clay (ON-Mol-1-196, EZE55, HADES-level) and 
revealing a highly connected pore space at the scale of observation – with ~ 87 % of the total resolved 
porosity being interconnected via pore throats down to ~ 20 nm in diameter (Hemes et al., 2015; 
section 7.2.1). Moreover, already previous 2D BIB-SEM and MIP analyses (Hemes et al., 2013) 
suggested a high connectivity of the pore space in Boom Clay, controlled by pores within the clay-
matrix and mostly with pore throat diameters below 100 nm in fine-grained, clay-rich samples; as well 
as by much larger inter-aggregate pores (> 1 µm pore throat diameter) in more-coarse-grained, non-
clay mineral-rich samples (section 4.4.6). 
Comparing the results of the present study to MIP analyses by Hemes et al. (2013; chapter 4), shows a 
very good agreement at similar injection pressures. The total connected porosity volumes, measured 
by MIP at a maximum injection pressure of 413 MPa (section 4.2.3) on sample ON-Mol-1-253 
(EZE64) are ~ 34.6 % before and 32.7 % after the correction for assumed surface roughness effects 
and drying artifacts (Hemes et al., 2013; section 4.3.5; Figure 4.15). However, the PPRs of the BIB-
SEM porosity analyses – with respect to the representative measurement of pores – are ~ 10 pixels per 
pore (Hemes et al., 2013; section 4.3.2), corresponding to equivalent pore diameters ~ 26 nm at 
40,000x magnification and ~ 350 nm at 3,000x magnification. Total MIP measured porosity volumes 
at injection pressures corresponding to these pore-sizes, are ~ 34 and 29 %, respectively – before – and 
~ 32.1 and 27.1 % after the correction for assumed surface roughness effects and drying artifacts 
(Hemes et al., 2013; section 4.3.5; Figure 4.15). The MIP measured porosity volume of 27.1 % at an 
injection pressure corresponding to a pore throat entry diameter of ~ 350 nm after the correction for 
surface roughness effects and drying artifacts, is thus in very good agreement with the total WM-filled 
porosity observed by SEM analysis at 3,000x magnification in sample ON-Mol-1-253 (EZE64) of ~ 
27 % of the analyzed BIB cross-section area (section 7.3.2, Figures 7.2c and 7.3a). However, the WM-
filled porosity of 17.2 % of the area analyzed at 40,000x SEM magnification (section 7.3.2; Figures 
7.2b and 7.9) is significantly lower than the MIP measured porosity volume of 32.1 % at an injection 
pressure corresponding to the PPR at 40,000x magnification, after the correction for assumed surface 
roughness effects and drying artifacts (Hemes et al., 2013). The area analyzed of sample ON-Mol-1-
253 (EZE64) at 40,000x SEM magnification lies within a clay-rich region and might therefore, not be 
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representative of the coarse-grained, NCM-rich sample, concerning the higher porosities and much 
larger pores occurring at clay – non-clay mineral interfaces (sections 4.4.3 and 6.5.3). 
Wood’s metal injection on a fine-grained, clay-rich, shaly facies Opalinus Clay (OPA) sample resulted 
in a nearly entirely unfilled pore space, with Wood’s metal observed only in fractures (Figure 7.7a, b) 
and pores directly connected to these fractures (Figure 7.7b; Houben, 2013; Klaver et al., 2015a). 
According to MIP data, the OPA sample should have been filled up to a porosity volume of 13.0 % 
and a trapped porosity of 7.1 Vol.-% was measured after MIP extrusion (Houben, 2013; Klaver et al., 
2015a). This discrepancy was interpreted to be due to elastic and inelastic deformation (i.e. sample 
compression and compaction of the material), already taking place at relatively low injection 
pressures, corresponding to throat entry diameters of ~ 200 nm (Klaver et al., 2015a). 
The incomplete filling of larger pores and parts of the pore space in coarse-grained Boom Clay as well 
as the Opalinus Clay sample analyzed (Figures 7.2-7.3; 7.7, 7.9 and 7.11) could moreover, be due to 
insufficiently high injection pressures; i.e. the unfilled porous regions are simply not connected via 
pore throats larger than 4 nm in diameter and therefore, inaccessible to the molten WM. Another 
reason could be secondary porosity, created either during unloading of the samples or as a result of 
WM contraction and solidification during cooling (Figures 7.2 and 7.7). Moreover, Wood’s metal 
could have been pulled out of larger incompletely filled pores during manual polishing of the samples, 
prior to BIB-milling and SEM image analysis. And furthermore, the experiment could have been 
conducted too fast for the molten WM to reach and fill all pores of the respective sizes, corresponding 
to the applied injection pressures according to Washburn’s equation (Equation 7.1). Last but not least, 
the parameters used to calculate the injection pressure equivalent pore throat entry diameters contain 
some uncertainty, since published data on Wood’s metal surface tensions vary between 0.4 and 0.49 
N/m and reports on wetting angles give values between 130 and 140° (Abell et al., 1999; Darot and 
Reuschlé, 1999; Galaup et al., 2012; Hildebrand and Urai, 2003; Lloyd et al., 2009; Nemati, 2000; 
Willis et al., 1998). Therefore, the resulting smallest accessible pore throat diameters vary between 3.3 
and 4.7 nm, for a maximum applied injection pressure of 316 MPa (Klaver et al., 2015a). 
7.5. Conclusions 
Wood’s metal injection delivers a suitable alternative to MIP for accessing interconnected porosity 
volumes in clayey materials, with the advantage of enabling a direct visualization of the Wood’s metal 
filled pore space after the injection procedure, by using a combination of cooled BIB-milling and 
SEM-imaging (Klaver et al., 2015a). 
WMI on coarse- (ON-Mol-1-253) and fine-grained (ON-Mol-1-196) Boom Clay as well as on one 
Ypresian clay sample of intermediate grain-size (ON-Kallo-1-020a) reveals a high connectivity of the 
pore space in these samples. The results are in good agreement with previous direct porosity analyses 
by Hemes et al. (2015), using a combination of X-ray µ-CT, BIB-SEM, FIB-SEM and pore network 
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modeling (PNE; Dong and Blunt, 2009) as well as results by Hemes et al. (2013), including indirect 
bulk sample Mercury Intrusion Porosimetry (MIP) – both showing a highly connected pore space in 
fine- and coarse-grained Boom Clay (chapters 4 and 5). However, the results presented in this chapter 
also show potential sample compression, compaction and deformation of sample microstructures and 
the internal pore space, possibly taking place at high Wood’s metal injection pressures and resulting in 
a closure of smaller pores and micro-cracks, cutting off of pore pathways, bending, sliding and/or 
rotation of grains and entirely unfilled porous regions (sections 7.3 and 7.4; Figures 7.2-7.3, 7.7, 7.9 
and 7.11; Klaver et al., 2015a). These processes occur particularly in heterogeneous materials (e.g. 
coarse-grained Boom Clay, sample ON-Mol-1-253), or fractured samples (e.g. shaly facies Opalinus 
Clay), which was interpreted to be due to preferential, inhomogeneous or incomplete filling of the 
pore space, resulting in the buildup of an effective confining pressure around unfilled porous regions 
during high pressure WMI and MIP (Klaver et al., 2015a). Porosity volumes and pore-size 
distributions measured by MIP should therefore, always be confirmed by WMI in combination with 
cooled BIB-milling and SEM-imaging, to directly visualize and analyze the WM-filled pore space. 
Another possibility to obtain information on the pore space connectivity by direct observations, is by 
using a combination of FIB-SEM, BIB-SEM and X-ray µ-CT with pore network extraction modeling 
(PNE; Dong and Blunt, 2009), as presented by Hemes et al. (2015) and in chapter 5 of this thesis. 
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8. Summarizing discussion and conclusions 
In the present study, first results of high resolution direct porosity characterization on Boom Clay 
(chapters 4, 5 and 7) as well as the Ypresian clays (chapters 6 and 7) are presented. 2D BIB-SEM 
(chapter 4) was used in combination with 3D FIB-SEM, X-ray µ-CT and pore network extraction 
(PNE) modeling (Dong and Blunt, 2009; chapter 5) to obtain a realistic 3D pore network model of the 
pore space and its connectivity in fine-grained HADES-level Boom Clay from the µm down to the 
nm-scale resolution. Wood’s metal injection (WMI) was applied on fine- and coarse-grained samples 
of the Boom Clay and the Ypresian clays to further evaluate the pore space connectivity and its 
accessibility as well as to obtain a better understanding of processes, taking place during liquid metal 
injection into fine-grained, argillaceous materials at high pressures (chapter 7). Results of direct 
porosity analyses were moreover, related to bulk sample water content porosity measurements and 
indirect porosity analyses using MIP (chapter 4). 
8.1. Most important outcomes and evaluation of 2D BIB-SEM porosity analyses on 
the Boom Clay and the Ypresian clays (chapters 4 and 6) 
8.1.1. Practical pore detection resolution (PPR) 
A practical pore detection resolution (PPR) was found at pore-sizes larger than the actual pixel-sizes 
(i.e. the resolution of the SEM-images), due to a combination of method inherent factors – such as 
background-noise in SE2-images, particularly variations in background pixel grey-scale values, due to 
variations in sample surface heights, resulting from still existing surface roughness of high-quality 
BIB-polished cross-section surfaces. Moreover, curtaining irregularities, as a result of BIB-milling 
(Desbois et al., 2013a; Klaver et al., 2012) and clouding of some small pores, due to sample-coating, 
lead to difficulties in confidently detecting and segmenting very small pores of only a few pixels in 
size (Hemes et al., 2013). In the present study, PPRs were found ~ 10 pixels per pore (chapters 4-6). 
However, at high SEM-magnifications (section 6.4.5) PPRs were sometimes found at larger values of 
30-100 pixels per pore. Comparing these results to previous studies, involving image-analysis based 
porosity characterization, shows a good agreement, with similar PPRs between 3-100 pixels per pore 
by Houben et al. (2013, 2014b); as well as by Giffin et al. (2013) and Klaver et al. (2012, 2015b), 
reporting PPRs ~ 10-20 pixels per pore. Variations in PPRs were attributed to differences in the shape 
of the pores (i.e. more elongated pores result in PPRs at larger pore-sizes, compared to more roundish, 
circular pores, due to the higher ratio of equivalent pore area to smallest visible pore diameter). 
Furthermore, parameters used during SEM-image acquisition – such as brightness, contrast, scanning 
time and the acceleration voltage of the electrons – have an impact on the resulting PPRs, and the 
porosity segmentation procedure plays a role, too. Only if all of the above mentioned parameters are 
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kept constant and for materials of similar microstructure and pore space morphologies, one can expect 
PPRs at identical values of pixels per pore. 
8.1.2. Largest detected pores (limitations) 
The size of the largest segmented pores depends (1) on the grain-size of the analyzed sample, 
determining the size of the largest pores occurring preferentially at clay – non-clay mineral interfaces 
(sections 4.3.4, 4.4.3, 6.4.4, 6.4.5 and 6.5.3) and (2) on the size of the mosaic area analyzed, during 
BIB-SEM porosity investigations, which is again limited by the size of the BIB-polished cross-section 
area. And (3), only a limited area can be analyzed within a practical period of time, which is of 
particular importance, regarding the manual cleaning of automatically segmented porosities (i.e. larger 
pores, providing an insight into the pore bodies and making a fully automatic porosity segmentation 
impossible; sections 4.2.2, 5.2.5, 6.3.4 and 6.5.3). Manual cleaning is tedious, but if these largest pores 
are not segmented correctly and in representative amounts, this might lead to an underestimation of the 
total BIB-SEM observed porosities and a shift of the measured pore-size and porosity distributions 
towards smaller pore-sizes (section 6.5.3). 
8.1.3. Characteristic pore morphologies observed in the Boom Clay and the Ypresian clays 
Characteristic pore morphologies and mineral phase internal porosities were identified in different 
mineral phases present in the Boom Clay, irrespective of the sample depth of origin, mineralogical 
composition and grain-size distribution (section 4.4.3). However, the grain-size distribution and non-
clay mineral content of a sample determine the contribution of largest, inter-aggregate pores to the 
total BIB-SEM observed porosity and therefore, have a significant impact on the total porosity of a 
sample (sections 4.4.3, 4.5, 6.4.4, 6.4.5 and 6.5.3). Total sample porosities are proposed to correspond 
to the sum of characteristic intra-phase porosities and larger inter-aggregate pores and therefore, can 
be modeled based on the analysis of mineralogical composition and grain-size distribution of a sample, 
using e.g. X-ray diffraction, X-ray fluorescence or bulk chemical analysis as well as ‘SediGraph’10 
(Micromeritics Instrument Corporation, 2013) for the measurement of grain-size distributions. 
Variations in grain-size and mineralogical composition within a sample are mirrored in variations in 
observed sample porosities and measured pore-size distributions. 
From 2D BIB-SEM porosity analyses down to the nm-scale resolution, characteristic intra-clay-matrix 
as well as inter-aggregate pore morphologies were observed in fine- and coarse-grained Boom Clay 
and the Ypresian clay samples analyzed (sections 4.3.4, 4.4.3, 6.4.4, 6.4.5 and 6.5.3). Typical pore 
                                                     
 
10 The ‘SediGraph’ method determines particle-size distributions by measuring the gravity-induced settling velocities of 
differently sized particles in a liquid of known physical and chemical properties based on ‘Stokes Law’ (i.e. the settling 
velocity of a single solid, nonporous sphere in a fluid is uniquely related to its diameter). 
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morphologies within the clay-matrix of the Boom Clay have already been described by Desbois et al. 
(2009a), including the definitions of ‘type I’ to ‘type III pores’ in clay (section 4.3.4; Desbois et al., 
2009a). These definitions were extended by Hemes et al. (2013), adding the description of typical 
inter-aggregate pores as well as preferred orientations of the pores’ longest axes within the clay-matrix 
(section 4.3.4; Figure 4.14). Largest inter-aggregate pores occur preferentially at the boundaries 
between clay-matrix and non-clay mineral grains, both in the Boom Clay (sections 4.3.4 and 4.4.3) 
and the Ypresian clays (sections 6.4.4, 6.4.5 and 6.5.3). Moreover, a positive correlation was noticed 
between the inter-aggregate pore-size and the size of the adjacent non-clay mineral grains. For the 
fine-grained Ypresian clay samples 45a and 108a, pore morphologies observed within the clay-matrix 
are similar to typical pore morphologies within the clay-matrix of the Boom Clay (Desbois et al., 
2009a; Hemes et al., 2013), showing elongated pore shapes, high aspect ratios and a bedding parallel 
preferred orientation of the pores’ longest axes within the clay-matrix (sections 6.4.4 and 6.4.5). 
Moreover, inter-aggregate pore morphologies are also similar in fine-grained Ypresian clay samples 
and the Boom Clay (sections 4.3.4, 4.4.3, 6.4.4, 6.4.5 and 6.5.3). On the contrary, pore morphologies 
observed in the more coarse-grained Ypresian clay samples differ significantly – both within the clay-
matrix as well as for larger inter-aggregate pores – showing roundish, circular pore morphologies and 
very small pore-sizes within the clay-matrix and moreover, also smooth, rounded pore shapes for the 
larger inter-aggregate pores (sections 6.4.4, 6.4.5 and 6.5.3). Microstructures observed within the clay-
matrix of coarse-grained Ypresian clay samples 8a, 60a and 86c were described as “flower-like”, due 
to the high clay-matrix internal porosities and the smooth, rounded pore shapes (section 6.4.4; Figures 
6.15, 6.18, 6.19 and 6.22c-d). 
The presented pore type classifications are in good agreement with already existing descriptions of 
characteristic pore types in mudstones. For example, Heath et al. (2011) analyzed shale samples from 
a variety of geological settings by qualitative and quantitative 3D image analyses on FIB-SEM data 
and distinguished between different pore types. Moreover, based on the geometry and connectivity of 
the pore space, pore networks were defined. They found that both, the depositional environment and 
the burial history have a strong influence on the developed pore network properties (Heath et al., 
2011). These properties furthermore, affect a sample’s overall qualities, with respect to serving as a 
potential sealing cap rock for subsurface CO2-storage or radioactive waste disposal (Heath et al., 
2011). Loucks et al. (2012) analyzed pore types in mudstones based on SEM image analysis and tried 
to relate pore morphologies and their evolution to the maximum burial depth and the burial time of the 
material. They found that pore network types depend on the original mineralogy, fabric and texture of 
a sample (Loucks et al., 2012). Moreover, Loucks et al. (2012) suggested that one could “capture and 
quantify the strong heterogeneity, observed at the sub-millimeter scale in mudrocks by relating certain 
pore-network types to mudrock types”. Furthermore, they found that the pore types, contributing to the 
pore network types are the major controlling factors for the storage and permeability properties of a 
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material (Loucks et al., 2012) and proposed a classification of pore network types based on the 
contributing pore morphologies. These relationships between sample mineralogy, grain-size 
distribution and resulting pore space morphologies as well as the pore space connectivity, were also 
observed in the present study (sections 4.4.3, 5.4.3 and 6.5.3). 
8.2. Results and evaluation of 3D pore space analyses – including connectivity, using a 
combination of X-ray µ-CT, FIB-SEM tomography, BIB-SEM and pore network 
extraction modeling (PNE; Dong and Blunt, 2009; chapter 5) 
X-ray µ-CT in combination with FIB-SEM tomography allows characterizing the pore space 
morphology as well as the connectivity of the pore space at different levels of resolution and in 3D. 
Including pore network extraction (PNE; Dong and Blunt, 2009) modeling in the analysis simplifies 
the complexity of the 3D pore space into clear pore networks, by discriminating between pore bodies 
and pore throats. Results yield pore throat-size distributions and further pore space connectivity 
relevant parameters, which can serve as input for modeling of bulk sample physical properties, such as 
permeability and diffusivity, as well as of radionuclide transport via migration and fluid flow (Blunt et 
al., 2013; Dvorkin et al., 2011). 
The combination of X-ray µ-CT with FIB-SEM tomography, 2D BIB-SEM and pore network 
extraction modeling (PNE; Dong and Blunt, 2009), applied to fine-grained (ON-Mol-1-196, EZE55) 
HADES-level Boom Clay (chapter 5), reveals a highly connected pore space with two major pore 
space connectivity regimes: 
(1) X-ray µ-CT shows mostly isolated porosity volumes (section 5.3.3; Figures 5.7 and 5.8) and 
pore network extraction modeling on the X-ray µ-CT data reveals very limited 
interconnectivity between single pore bodies (Figure 5.9). 
Most frequent pore throat diameters are between 1-7 µm and these results are substantiated by 
MIP analysis (section 5.4.2; Figure 5.15). 
(2) FIB-SEM tomography on the contrary, shows a highly connected pore space within the clay-
matrix of the sample; with ~ 87 % of the total resolved porosity being interconnected via pore 
throats down to ~ 20 nm in diameter and mostly below 100 nm (sections 5.3.4 and 5.4.2; 
Figures 5.10-5.12). These results are again in good agreement with MIP data (Figure 5.15; 
Hemes et al., 2013). 
The good agreement between pore body and pore throat size distributions from pore network 
extraction (PNE) modeling on X-ray µ-CT and FIB-SEM data, with pore throat diameter distributions 
measured by MIP (section 5.4.2; Figure 5.15) indicates both reliability of the results obtained by X-ray 
µ-CT, FIB-SEM tomography and PNE and by MIP. The combination of these methods delivers 
information on the pore space connectivity within a sample from direct observations (X-ray µ-CT, 
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FIB-SEM and PNE), but within limited volumes of investigation (sections 5.3.2 and 5.4.1) as well as 
from indirect, bulk sample porosity measurements (MIP). 
2D BIB-SEM analysis is essential to bridge the gap in observational scales (i.e. resolutions) between 
X-ray µ-CT and FIB-SEM tomography and moreover, necessary to select suitable spots for high 
resolution FIB-SEM analyses (section 5.5). 
8.2.1. Analysis of the anisotropy of pore space characteristics – including pore space 
connectivity – in Boom Clay 
A preferred orientation of the pores’ longest axes parallel to the sample bedding was observed within 
the clay-matrix of most of the Boom Clay samples analyzed (section 4.3.4; Figure 4.14) as well as 
within the clay-matrix of the fine-grained Ypresian clay sample 108a (sections 6.4.4, 6.4.5 and 6.5.3; 
Figures 6.20 and 6.23b). This suggests also preferred pore throat orientations and enhanced pore space 
connectivity parallel to the sample bedding in fine-grained Boom Clay and Ypresian clays. 
In the most coarse-grained, non-clay mineral rich Boom Clay sample ON-Mol-1-253 (EZE64; Figures 
4.9 and 4.14) and the rather coarse-grained Ypresian clay samples 8a, 20a, 60a and 86c (Figures 6.15, 
6.16, 6.18 and 6.19), the higher non-clay mineral (NCM) contents as well as the larger sample grain-
sizes prevent a bedding parallel alignment of the clay minerals, due to the interruption of the 
continuity of the clay-matrix microstructure (i.e. the frequently present larger NCM-grains hinder the 
bedding parallel alignment of the clay minerals; sections 4.4.3 and 6.5.3). This moreover, results in 
less elongated, but roundish, circular pores within the clay-matrix of the coarse-grained Ypresian clay 
samples (section 6.4.4; Figures 6.15, 6.18, 6.19, 6.21c and 6.22c-d). Processes, such as stress-bridging, 
inhibiting a bedding parallel clay-particle alignment within the clay-matrix as well as local clay 
particle compression within stress bridges around non-clay mineral grains have also been described by 
Schneider et al. (2011) and have moreover, been suggested to alter the pore-size distribution of a 
sample. 
Analysis of the pore space connectivity in 3D, using X-ray µ-CT, FIB-SEM and PNE, reveals 
preferred pore throat orientations and a preferred connectivity of the pore space in fine-grained ON-
Mol-1-196 (EZE55, HADES-level) Boom Clay in a direction sub-parallel to the sample bedding 
(sections 5.3.3, 5.3.4 and 5.4.3), suggesting an enhanced permeability of the material in this direction. 
Anisotropy of the permeability in Boom Clay has already been measured by Hildenbrand et al. (2002, 
2004), using gas breakthrough experiments on Boom Clay samples originating from different depths 
of the formation and resulting in 1.5-3.8x higher permeability values parallel to the bedding 
(Hildenbrand et al., 2002). Moreover, Yu et al. (2013) found anisotropy of the permeability in Boom 
Clay from in-situ experiments, showing a higher permeability in the horizontal, bedding parallel 
direction, than perpendicular to it. If bedding parallel preferred pore throat orientations and higher 
pore space connectivity exist on a larger scale, this could significantly increase the permeability of the 
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material in this direction. A percolating pore network parallel to the sample bedding has already been 
proposed by Keller et al. (2013a, 2013b) for Opalinus Clay, resulting from the coalescence of larger 
pores at non-clay mineral grain boundaries by hypothetical dilation (i.e. propagation) of neighboring 
pore tips in the nm pore-size regime over a few hundred nm distance. This enhanced pore space 
connectivity on a larger scale would significantly increase the gas transport and fluid flow in the 
material in the direction parallel to the bedding (Keller et al., 2013a). 
8.2.2. Comparison of 3D pore space connectivity analysis on the Boom Clay to previous studies 
Comparison of 3D pore space connectivity analysis on the Boom Clay, to previous studies by Keller et 
al. (2011, 2013a) and Houben et al. (2014a) on Opalinus Clay, shows that in Boom Clay, a much 
higher percentage of the total bulk sample porosity, measured by MIP or water content porosity 
measurements, is also accessible by direct porosity analyses at the scales of observation of X-ray µ-CT 
and FIB-SEM tomography (chapter 5). Whereas in Opalinus Clay, only fractures – interpreted as 
drying artifacts – were observed at the scale of observation of X-ray µ-CT (Houben et al., 2014a) and 
the major part of the total bulk sample porosity measured by Nitrogen (N2) adsorption (BET-analysis), 
is below the resolution of FIB-SEM tomography and partly even below the resolution of TEM (Keller 
et al., 2011, 2013a). In summary, the connectivity of the pore space in fine-grained ON-Mol-1-196 
(EZE55, HADES-level) Boom Clay is significantly higher at the scales of observation of X-ray µ-CT 
and FIB-SEM, compared to Opalinus Clay (Houben et al., 2014a, 2013; Keller et al., 2011, 2013a). 
This was moreover, interpreted to result in the ~ two orders of magnitude higher intrinsic permeability 
values measured for the Boom Clay of ~ 10
-18
 m² (ONDRAF/NIRAS, 2001a), compared to Opalinus 
Clay, giving values between 10
-20
 to 10
-21 
m² (Marschall et al., 2005; section 5.4.3). 
8.3. Pore-size distribution analysis using power-laws and up-scaling 
Porosity can be analyzed at many different scales of observation and levels of resolution. Since in the 
present study only the nm- and µm scales were taken into account, with very few observations made 
on the mm-scale, the question of up-scaling of the results remains crucial. Pore-size distributions 
measured in 2D (chapter 4) and in 3D (chapter 5) for the Boom Clay and the Ypresian clays (chapter 
6) seem to follow power-law distributions over several (~ 3-6) orders of magnitude (sections 4.3.4, 
5.3.5, 6.4.5; Figures 4.13, 5.13, 5.14 and 6.30-6.33). This hints towards self-similarity and scale-
invariance of the observed pore space characteristics and therefore, the possibility of up-scaling of our 
small- (nm- to µm-) scale observations to larger scale structural features and characteristics of the 
Boom Clay Formation and the Ypresian clays. 
The good agreement between the results obtained from power-law pore-size distribution analyses in 
2D and in 3D for the Boom Clay (sections 5.3.5 and 5.4.2; Figures 5.13 and 5.14) furthermore, 
suggests representativeness of the results obtained by 2D BIB-SEM analysis, with respect to 3D pore 
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space characteristics and even with regard to bulk sample porosities, measured by MIP (section 5.4.2; 
Figure 5.15). 
8.4. Comparison of direct BIB-SEM, FIB-SEM and X-ray µ-CT porosity analyses to 
indirect MIP and evaluation of the Wood’s metal injection method in 
combination with BIB-SEM (chapter 7) 
Results of direct BIB-SEM, FIB-SEM and X-ray µ-CT porosity analyses were related to indirect bulk 
sample porosity measurements using MIP (sections 4.4.5 and 5.4.2), showing significantly lower total 
porosities measured by BIB-SEM, FIB-SEM and X-ray µ-CT, compared to MIP – even at identical 
pore detection resolutions (section 4.4.5). These lower porosities were interpreted to be due to the 
limited size of the areas and volumes analyzed by BIB-SEM, FIB-SEM and X-ray µ-CT, compared to 
bulk sample porosity volumes analyzed by MIP. Moreover, potential surface roughness effects, drying 
artifacts and sample compression might contribute to erroneously high porosity volumes measured by 
MIP (Klaver et al., 2015a; chapter 7). 
Wood’s metal injection, followed by cooled BIB-milling and SEM-imaging provides an alternative 
and complementary tool to conventional MIP and is suitable to analyze the connectivity of the pore 
space in fine-grained, argillaceous materials, down to the nm-scale resolution, with the advantage of 
enabling a direct visualization of the WM-filled pore space after the injection procedure (Klaver et al., 
2015a; chapter 7). In the present study, Wood’s metal injection in combination with cooled BIB-
milling and high resolution SEM porosity analysis was applied on fine- and coarse-grained Boom Clay 
as well as on one Ypresian clay sample of intermediate grain-size and showed nearly the entire 
resolved pore space filled by the Wood’s metal alloy (section 7.3). These results substantiate the high 
connectivity of the pore space in Boom Clay and the Ypresian clays, as indicated by MIP (chapter 4), 
X-ray µ-CT, FIB-SEM and BIB-SEM (chapters 4-6). Only very limited signs of deformation (i.e. 
compaction) of the sample microstructures and pore space were observed in the analyzed samples after 
WMI (section 7.3.1), suggesting correctness and reliability of the results obtained by MIP (chapter 4). 
However, to ensure a correct interpretation of MIP data – including measured porosities, pore-size and 
porosity distributions – additional WMI in combination with cooled BIB-milling and SEM-imaging as 
well as X-ray µ-CT in combination with FIB-SEM tomography, BIB-SEM and pore network 
extraction (PNE) modeling, is suggested to analyze the connectivity of the pore space in fine-grained, 
argillaceous, low permeable materials – such as OPA, Boom Clay and the Ypresian clays by direct 
observations. 
8.5. Conceptual model of the pore space in Boom Clay 
Results of the present study allow developing a first model of the pore space and its connectivity in 
Boom Clay, which is proposed to consist of characteristic intra-phase porosities and larger inter-
  
178 
 
aggregate pores at the boundaries between different mineral phases. The amount and size of the largest 
inter-aggregate pores as well as the distances between them significantly influence the total sample 
porosity and the permeability of the material. They moreover, depend on the non-clay mineral content 
and the grain-size distribution of a sample as well as the spatial distribution of the different mineral 
phases within a sample. Intra-phase porosities on the contrary, are more or less constant within each 
mineral phase, irrespective of the samples’ depths of origin, mineralogical compositions and grain-size 
distributions (Hemes et al., 2013). Overall sample porosities are therefore, suggested to depend on the 
mineralogical composition and grain-size distribution of a sample (Hemes et al., 2013; chapter 4). This 
model is similar to the ‘elementary building blocks’ model, proposed by Houben et al. (2014b) and 
Klaver et al. (2015b), after Desbois et al. (2013b). In this model, only the clay-matrix internal porosity 
is relevant for the overall pore space connectivity, whereas characteristic non-clay mineral phase 
internal porosities do not contribute significantly to the overall pore space connectivity (Desbois et al., 
2013b; Houben et al., 2014b; Klaver et al., 2015b). However, these studies were carried out on more 
fine-grained, more clay-rich and therefore, less porous and less permeable materials, such as the 
Opalinus Clay (Houben et al., 2014b) as well as shale samples (Klaver et al., 2015b), compared to 
much more coarse-grained, NCM-rich Boom Clay. The higher non-clay mineral content and larger 
grain-sizes of the samples analyzed in the present study relate to higher porosities and higher pore 
space connectivity. In typical fine-grained, clay-rich (> 50 dry wt.-% clay minerals) Boom Clay (e.g. 
ON-Mol-1-196), the porosity within the clay-matrix controls the overall sample porosity and the major 
fraction of the pore space connectivity – with pore throats mostly below 100 nm in diameter (chapters 
4 and 5). In more coarse-grained, non-clay mineral rich samples (< 50 dry wt.-% clay minerals; e.g. 
ON-Mol-1-253) on the contrary, a significant part of the total porosity corresponds to inter-aggregate 
pores, which also contribute to the overall pore space connectivity, showing pore throat diameters 
above 1 µm (chapter 4). The permeability of the material is suggested to increase significantly, once 
these larger inter-aggregate pores are directly connected to each other and over longer distances 
(chapters 4 and 5). A percolating pore network, after Keller et al. (2013a), is therefore proposed to 
develop above a certain, critical non-clay mineral content and grain-size of a sample. Altogether, this 
results in a ‘dual-porosity-permeability’ model in Boom Clay (after Gerke and Van Genuchten, 1993 
and Schneider et al., 2011), consisting of porosity within the clay-matrix, providing only limited 
permeability (i.e. “a low permeable clay-matrix”; Schneider et al., 2011) and larger inter-aggregate 
pores (i.e. “a macro-pore or fracture pore system”; Gerke and Van Genuchten, 1993), significantly 
increasing the permeability of the material, once they are directly connected to each other. In more 
detail: “silt-bridging preserves large pore throats, acting as high permeability, preferential pathways, in 
addition to a small pore-size regime within a homogeneous, low permeable clay-matrix” (Schneider et 
al., 2011). Schneider et al. (2011) moreover, found that “the macro-scale permeability of a material 
depends on its micro-scale structure” and proposed modeling of mudstone permeability based on the 
clay-fraction and the porosity of the material (Schneider et al., 2011). In the present study, the overall 
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permeability of a sample is proposed to depend on the grain-size distribution, the non-clay mineral 
content and the density distribution of the non-clay mineral phases within a sample, which in turn 
determine the total porosity, the spatial distribution of porosity, the pore-size distribution and the 
connectivity of the pore space within the material. 
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9. Outlook 
Several aspects of this thesis are subject to further discussion and could be the starting point of 
interesting research projects. Among these are the characteristic intra-phase pore morphologies and 
total BIB-SEM observed porosities within different mineral phases of the Boom Clay. To substantiate 
this hypothesis, research should be carried out on samples originating from different depths of the 
formation and showing different mineralogical compositions as well as grain-size distributions. 
Moreover, the permeability of the material is suggested to increase significantly above a certain 
sample grain-size and non-clay mineral content. Research should be carried out on the critical values, 
leading to this effect. Further investigations on the relationship between BIB-SEM observed pore 
space morphologies and permeability could include for example non-steady-state, single phase fluid 
flow experiments. 
Wood’s metal injection, followed by BIB-SEM porosity analyses, to access and evaluate the 
connectivity of the pore space in fine-grained, argillaceous materials, provides potential for further 
research, via relating different maximum applied Wood’s metal injection pressures to critical, 
connectivity controlling pore throat entry diameters and thus substantiating the material properties 
used in Washburn’s equation (i.e. the interfacial tension of the Wood’s metal and wetting angles; 
chapter 7). 
Moreover, an increasing interest exists in 2D and 3D pore-size distributions from digital image 
analysis of high resolution BIB-SEM, FIB-SEM and X-ray µ-CT data. Pore network extraction  
modeling (PNE; Dong and Blunt, 2009; Blunt et al., 2013; Hemes et al., 2015; chapter 5) and 
skeletonization of the pore space via medial axis transform and thinning (FEI Visualization Sciences 
Group (VSG), 2012) provide powerful tools to access the connectivity of the pore space as well as 
pore-throat size distributions. These results could serve as input for numerical modeling of effective 
bulk sample physical properties – such as permeability, electrical resistivity and diffusivity. 
Furthermore, modeling of processes, such as single and multi-phase fluid flow or radionuclide 
transport in porous media via diffusion and migration, needs these data as input (Blunt et al., 2013; 
Dvorkin et al., 2011). The understanding of these processes is relevant for the oil and gas industries 
(e.g. in facilitating more efficient oil and gas recovery) and for the safe long term disposal of 
radioactive waste or carbon dioxide (CO2) storage. Therefore, 3D pore space connectivity analyses, 
using a combination of X-ray µ-CT, BIB-SEM, FIB-SEM and pore network extraction modeling 
(PNE) should be carried out on representative samples of the Ypresian clays and on further samples of 
the Boom Clay Formation. 
Another subject is the deformation of sample microstructures and internal pore space of potential host 
rock materials for radioactive waste disposal, due to excavation activities. Laboratory deformation 
experiments are suggested to gain a better understanding of the behavior of these materials (e.g. during 
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the excavation of an underground storage site for radioactive waste disposal) as well as the impact of 
sample deformation on the materials’ transport properties with regard to radionuclide migration. In 
addition to conventional and established stress-strain curves, digital image correlation (DIC) is 
recommended to localize stress and strain fields within samples and to analyze their evolution with 
time (Lenoir et al., 2007). Moreover, a combination of DIC with subsequent high-resolution SEM-
image analysis of the deformed regions, after high quality BIB-polishing of sample surfaces, is 
suggested to resolve fabrics and porosity down to the nm-scale resolution within the deformed regions 
(Desbois et al., 2013c; Höhne, 2013). 
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Appendix 
Typical 3D pore space morphologies in fine-grained HADES-level Boom Clay (ON-Mol-1-196, 
EZE55), visualized using Avizo (FEI Visualization Sciences Group (VSG), 2012). 
 
 
Appendix 1: Illustration of 3D pore space morphologies in HADES-level (ON-Mol-1-196, EZE55) Boom 
Clay, showing the, at the scale of observation of FIB-SEM (~ 3.3E+3 nm³ voxel-size), highly connected 
pore space within the clay-matrix. 
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Appendix 2: Illustration of 3D pore space morphologies in ON-Mol-1-196 (EZE55, HADES-level) Boom 
Clay, showing, at the scale of observation of FIB-SEM (3.3E+03 nm³ voxel-size), connected porosity 
volumes in orange vs. isolated pores (remaining colors). 
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Appendix 3: Illustration of highly interconnected pore space (yellow) within the clay-matrix of ON-Mol-1-
196 (EZE55, HADES-level) Boom Clay. 
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Appendix 4: Highly connected pore space (yellow) within the clay-matrix of ON-Mol-1-196 (EZE55, 
HADES-level) Boom Clay, at the scale of observation of FIB-SEM tomography (~ 3.3E+03 nm³ voxel-size). 
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Appendix 5: Illustration of large connected porosity volume (orange) in ON-Mol-1-196 (EZE55, HADES-
level) Boom Clay, at the scale of observation of FIB-SEM tomography (~ 3.3E+03 nm³ voxel-size). 
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Appendix 6: Illustration of typical 3D pore space morphologies in HADES-level (ON-Mol-1-196, EZE55) 
Boom Clay, showing large interconnected porosity volumes (yellow-orange) vs. much smaller isolated pore 
bodies (remaining colors). 
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Appendix 7: Illustration of 3D pore space morphologies in ON-Mol-1-196 (EZE55, HADES-level) Boom 
Clay, showing, at the scale of observation of FIB-SEM (~ 3.3E+03 nm³ voxel-size), large connected 
porosity volumes (orange) vs. isolated pore bodies (remaining colors). 
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Appendix 8: Illustration of typical pore space morphologies in ON-Mol-1-196 (EZE55, HADES-level) 
Boom Clay, at the scale of observation of FIB-SEM tomography (~ 3.3E+03 nm³ voxel-size), with 
interconnected porosity volumes in orange vs. isolated pore bodies (remaining colors). 
 
 
